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Abstract
A number of novel tetraaza[14]annulene (TAA) ligands and their transition metal 
complexes have been synthesised, characterised and electrochemically investigated as 
monomer sub-units from which conducting polymer films can be prepared.
Electrochemical analysis of the new ligand (p-NH2)2dptaaH2, prepared from the 
catalytic hydrogenation of Q?-N02)2dptaaH2 at atmospheric pressure in DMF, shows 
three irreversible ligand-centred redox peaks in CH3CN electrolyte (L+/0 = +0.48 V, 
L2+/+ = +1.02 V, L0/' = -1.44 V) with the oxidation peaks becoming reversible in 
CH2C12 electrolyte. Solutions of Ni(p-NH2)2dptaa and Cofy?-NH2)2dptaa, prepared by 
insertion reaction of the new ligand and the metal(II) acetate in DMF, show reversible 
metal-centred couples in DMF electrolyte (Ni(I)/(II) = -1.44V, Co(I)/(II) = -1.14 V, 
Co(II)/(III) = +0.10 V) as well as reversible and irreversible ligand-centred processes.
Films of poly(/>NH2)2dptaaFl2, prepared from a solution of the ligand in CH2C12 
electrolyte by repeatedly scanning over the first oxidation peak (AE = -0.2 -+1.1 V), 
grow linearly until the maximum surface coverage (rmax ~ 6x10'8 mol/cm2, -281 
‘layers’) is reached. Characterisation of these films suggests that they form by aniline- 
like polymerisations involving the free NH2 group and the 2- and 3-positions of the 4- 
substituted aniline unit of the macrocycle. Analysis of the film in clean CH2C12 
electrolyte (AE -  -0.2 - +1.6 V) shows single forward and reverse processes (Ep = 
+1.23 V, Ep = +0.68 V) due to charging and discharging of the film. The response is 
stable to repeated scans and in aqueous acid electrolyte. Sweep rate analysis shows 
processes other than those in a mono-layer.
Solutions of the nickel(II) and cobalt(II) complexes in DMF electrolyte, subject to the 
same electropolymerisation conditions, deposit films of polyNi(p-NH2)2dptaa and 
polyCo(/?-NH2)2dptaa at the electrode surface, although the build-up in polymer is 
slow compared to that of the metal-free ligand.
The value of the Co(II)/(III) couple (+0.10 V) for a solution of Co(/?-NH2)2dptaa in 
DMF electrolyte is only slightly lower than that of Cotaa (+0.12 V) in DMF electrolyte
and, based on this evidence, films of polyCo(/?-NH2)2dptaa are expected to show 
similar oxygen reduction properties to those of polyCotaa.
The new ligands (pyr)2dptaaH2 and (/;-NH3Cl)2dptaaH2, have not been
electrochemically analysed and the pyrrole-substituted ligand is insufficiently soluble to 
form conducting polymers from solution. The cobalt(II) complex Co(p-N02)2dptaa 
could not be reduced by the method successful for reduction of the metal-free ligand, 
and reduction of 7,16-(N02)taaH2 resulted in a break-up of the macrocyclic ligand.
The new ligand 3,7,12,16-(Me)4taaH2 shows a trans arrangement of methyl groups and 
the structure of (p-N02)2dptaaH2 has also been determined.
Chapter 1 introduces the area of oxygen reduction in relation to fuel cell technology 
and reviews the types of oxygen reduction catalyst along with methods of 
incorporating them onto electrodes. Chapter 2 introduces macrocyclic ligand chemistry 
and gives a review of the TAAs concentrating on their structure and synthesis. Chapter 
3 describes the synthesis of some TAA ligands and metal complexes, many of which 
have been used as starting materials. Chapter 4 discusses the synthetic strategy used 
when designing novel TAA ligands, and details attempted syntheses using these 
methods. Chapter 5 describes the synthesis of new TAA ligands and metal complexes. 
Chapter 6 introduces cyclic voltammetry, reviews the electrochemistry of the TAAs 
and conventional conducting polymers, and describes the electrochemical investigation 
of the new TAAs. Chapter 7 concludes by discussing both synthesis and 
electrochemistry and suggests areas for further work.
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POR Porphyrin
PC Phthalocyanine
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tppH2 5,10,15,20-Tetraphenylporphyrin
tbpH2 Tetrabenzoporphyrin
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taaH2 5,14-Dihydrodibenzo [/,/][ 1,4,8,1 ljtetraazacyclotetradecine
tmtaaH2 6,8,15,17-T etramethyl- 5,14-dihy dro dibenzo [6, /'] [ 1,4,8,11 ] -
tetraazacyclotetradecine 
dptaaH2 7,16-Diphenyl-5,14-dihydrodibenzo[/,/'][l,4,8,l 1]-
tetraazacyclotetradecine
DMF T^A-Dimethylformamide
DMSO Dimethyl sulphoxide
CV Cyclic voltammetry/voltammogram
SSCE Saturated standard calomel electrode
SCE Standard calomel electrode
NHE Normal hydrogen electrode
E° Standard electrode potential
Ef Formal electrode potential
v Sweep rate
RRC Radical-radical coupling
IR Infra red spectroscopy
UV Ultra violet spectroscopy
NMR Nuclear magnetic resonance spectroscopy
XPS X-ray photoelectron spectroscopy
SEM Scanning electron microscopy
TLC Thin layer chromatography
ESR Electron spin resonance spectroscopy
PPy Polypyrrole
PANi Polyaniline
Aims and Objectives
The production of a cheap and efficient oxygen reduction catalyst remains one of he 
major obstacles to fuel cell commercialisation. In addressing this problem, this work 
aimed to prepare and investigate novel materials that could be electropolymerised to 
the surface of a fuel cell electrode and would catalyse the reduction of oxygen (the 
process that occurs at the cathode in a fuel cell). These materials were based on the 
tetraazaf 14]annulene macrocyclic ligands, some transition metal complexes of which 
had already been shown to be efficient oxygen reduction catalysts. 
Electropolymerisation represents a new way of attaching these compounds to the 
surface of electrodes and it was hoped that films of new complexes would show 
enhanced catalytic activity and good stability under the conditions used in a 
commercial fuel cell.
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Chapter 1 Introduction 2
1.1 Fuel Cells
1.1.1 Conventional and Alternative Forms of Electricity Generation
Electricity is the most convenient and widely used form of energy, only limited in its 
application by the fact that it cannot be stored cheaply in large quantities. In providing 
a practical and flexible supply of electricity, energy must therefore be converted from 
other forms as required. Conventionally, the chemical energy stored in fuel is 
converted into electrical energy via some form of heat engine, a principle that is used 
in the steam turbine electric power station, typically using the chemical energy stored 
in fossil fuels. The following conversion process applies.
This route, as with all heat engines, is subject to a theoretical restriction in maximum 
efficiency known as the Carnot cycle limitation. There are, however, a number of 
systems for the direct conversion of chemical energy to electrical energy. This process 
is isothermal with no intermediate production of heat and as such has no theoretical 
restriction in maximum efficiency. A process based on this approach would therefore 
appear to be advantageous over conventional forms of electricity generation.
1.1.2 The Principle of the Fuel Cell
A fuel cell1,2,3 is a device for the isothermal conversion of chemical energy in fuel to 
electricity. It consists of an electrolytic cell that is supplied continuously with chemical 
materials stored outside the cell which react together to provide the chemical energy 
for conversion to electrical energy. There are many types of chemical reaction suitable 
for this land of cell but most attention has been focused on combustion reactions. This 
is probably because of the abundant supply of oxygen as one of the components and 
because this is exactly the sort of reaction used to produce heat energy in the 
conventional engine or generating station.
Chemical
Energy
* Heat * Electrical 
Energy
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A schematic diagram of a fuel cell is shown in Figure 1.1. This simple cell consists of 
two electrodes, one supplied with fuel and the other with oxygen, separated by an 
electrolyte. At the fuel electrode (the anode) the fuel is oxidised and at the oxygen 
electrode (the cathode) oxygen is reduced. An electric potential is therefore established 
between the electrodes and a current can be drawn as long as both fuel and oxygen are 
supplied.
Fuel --------► --p£
Fuel Electrode
Electrolyte
Oxygen Electrode
8Sl------— ..  ' ' ' " Oxygen
Figure 1.1 Schematic diagram of a simple fuel cell
Generally, the fuel cell reaction involves a gaseous fuel, a liquid electrolyte and solid 
conducting electrodes. The function of the electrode is therefore to provide an 
interface for the electrochemical reaction between the reactant (fuel or oxygen) and the 
electrolyte without itself being consumed or corroded.
1.1.2.1 The Low Temperature Hydrogen-Oxygen Fuel Cell
The hydrogen-oxygen cell4 is the simplest type of fuel cell and can be used to further 
illustrate the basic principles involved. Two platinum foil electrodes are immersed in a 
well conducting electrolyte (e.g. a solution of sulfuric acid or potassium hydroxide) as 
shown in Figure 1.2. If one electrode (the cathode) is supplied with oxygen, bubbled 
around it through the solution, and the other electrode (the anode) is similarly supplied 
with hydrogen then a potential difference of about 1 volt is set up between the two 
electrodes. The operation of the cell with an acid electrolyte can be summarised by 
considering reactions that occur at each electrode (Equations 1.1, 1.2). At the anode 
molecular hydrogen adsorbed to the electrode surface is dissociated into atoms by 
virtue of the surfaces catalytic properties. These enter the solution as hydrated protons 
leaving behind two electrons which pass through the external circuit to the cathode.
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H2(g) + 2H20<7) -*> 2H30 (aq) + 2e' 1.1
At the cathode oxygen reacts with hydrated protons in the electrolyte and the electrons 
to give water.
$0 2(g) + 2H30+(aq) + 2e' ------------* 3H20(/) 1.2
The overall effect is represented by what is undoubtedly the simplest combustion 
reaction.
H2(g) + 1/20 2(g) H20(/) 1.3
This reaction is the reverse of water electrolysis, in which hydrogen and oxygen are 
obtained by the application of an external voltage.
1.1.3 Electrode Materials / ESectrocatalysts
The efficient operation of any fuel cell requires electron transfer reactions to occur at 
the surfaces of both electrodes. Under normal conditions and with fuel ceils operating 
at low temperatures (<100 °C) these reactions would be extremely slow, if they were 
to proceed at all. An efficient working electrode must therefore contain materials
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(electrocatalysts) to catalyse either the fuel oxidation or oxygen reduction reaction. 
The catalytic processes that occur are surface active and can only occur at the 
boundary of the three phases, the gaseous reactant, the electrolyte and the 
electrocatalyst. The composition of each phase therefore plays an important role in 
determining the overall catalytic activity, but it is the nature of the electrocatalyst and 
the method of attachment to the electrode that are the most important. There are a 
number of functions that an efficient electrocatalyst must perform the most important 
of which are:
• Chemisorption of the reactants at the electrode surface.
e Dissociation of the adsorbed molecule into atoms.
8 Lowering the activation energy of charge transfer.
In addition, the catalytic activity of the electrode is also influenced by the affinity of the 
electrocatalyst for the electrolyte, an increase in which will serve only to poison the 
active sites of the electrocatalyst. The electrocatalyst must be stable in the chosen 
electrolyte and must be stable at potentials for the required reaction. Besides the 
composition of the electrocatalyst its physical state and its surface structure are 
important. It is desirable to have the greatest possible degree of disorder and distortion 
of crystalline structure at the electrode surface as this will serve to increase the number 
of available catalytic sites.
1.1.3.1 The Fuel Electrode
The fuel electrode is responsible for the oxidation of the fuel and is best represented 
using the hydrogen electrode. Under acidic conditions very few materials are stable 
enough for use as hydrogen oxidation catalysts, for example iron and nickel would 
corrode. Hydrogen oxidation in acidic electrolytes is however very facile on noble 
metals such as platinum, with turnovers increased by factors of 103 - 104 when 
compared with that of oxygen reduction. When pure hydrogen is used as a fuel very 
low loadings of dispersed platinum are required (less than 0.1 mg/cm2). Under alkaline 
conditions stability becomes less restricting and a wider range of catalysts can be used. 
It has been shown that the above considerations also apply to the oxidation of
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hydrocarbon fuels including methanol. Again it is often platinum or one of the platinum 
group metals that proves to be the catalyst of choice.
1.1.3.2 The Oxygen Electrode
Oxygen is generally the preferred oxidant in fuel cells; it is readily obtainable from air, 
easily stored and gives fairly innocuous products of reaction. Oxygen is reduced at the 
oxygen electrode but unfortunately a really satisfactory oxygen electrode has never 
been fully realised. The production of an efficient and economic oxygen electrode 
would present a major advancement in fuel cell technology and it is this area of 
research which is the subject of this thesis. A detailed discussion on the reduction of 
oxygen including types of catalyst for the reaction can be found in Section 1.2.
1.1.4 Fuel Cell Operation
1.1.4.1 Fuel Cell Applications
In general, the potential of a single fuel cell is usually quite small (0.5 - 0.7 volts) and 
therefore several cells need to be connected in series to provide a useful terminal 
voltage. Such a combination of ceils is referred to as a ‘module’; a suitable number of 
modules either in series or in parallel constitutes a fuel cell battery. Fuel cell systems of 
this type have been considered for a variety of applications including large scale 
industrial and domestic power generation, power plants for electric road vehicles and 
batteries for standby power as well for a host of other, more specialised applications. 
At this stage, however, the only application that has passed beyond the strictly 
experimental stage is the supply of electrical power in space vehicles. The reasons for 
this are primarily economic, the price of catalysts for electrodes being the major 
contributor to high production costs.
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1.1.4.2 Fuel Cell Efficiency
The production of electricity via a conventional heat engine is best assessed in terms of 
the Carnot cycle.5 The efficiency (q) of a heat engine working in the Carnot Cycle 
between temperatures Ti and T2 is the ratio of the work done during the cycle to the 
heat supplied to the system. It can be shown that:
1.4
T,
Typically this results in maximum theoretical efficiencies in the range 40 - 50 % for 
heat engines subject to the Carnot Cycle limitation running at conventional 
temperatures. Again the theoretical efficiency of a fuel cell is given as the ratio of the 
useful work obtained to the energy put in. For comparison with a heat engine we can 
take the energy put in as the enthalpy decrease for the chemical reaction (-AH), whilst 
the maximum electrical energy available is the decrease in Gibbs function (-AG).
-AH
Values for the hypothetical maximum efficiency for a hydrogen-oxygen reaction at 
different temperatures are given in Table 1.1.
Table 1.1 Efficiency of the Hydrogen-Oxygen Reaction
Reaction T/°K AH/kJ/mol AG/kJ/mol Efficiency/%
H2(g) + 1/20 2(g>— » H20(g) 298 -241,7 -228.5 94.5
500 -243.7 -219.0 89.9
1000 -247.6 -192.5 77.7
2000 -252.2 -135.1 53.6
These values are compared to the Carnot cycle efficiency (Figure 1.3). It can be seen 
that the hydrogen-oxygen reaction would provide a fuel cell system potentially far 
superior in efficiency to any conventional heat engine at temperatures below about 850 
°C. However, above this temperature conventional forms of power generation become 
more efficient.
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Temperature / °K
Figure 1.3 Comparison of Carnot cycle efficiency and ideal 
efficiency of hydrogen-oxygen fuel cell
1.1.4.3 Advantages of Fuel Cells
Increased efficiency at low temperatures is not the only advantage fuel cells have over 
conventional forms of electricity generation. A fuel cell will have few, possibly no, 
moving parts. This will lead to quiet or silent operation^ high reliability and a minimal 
maintenance cost. Manufacture should also be simple and economic, requiring no 
exceptional type of production process. The selection of combustible materials for use 
as fuels is both large and varied. It is clear that the simpler the material chosen as fuel 
the more satisfactory the fuel cell system. Materials such as hydrogen, methanol and 
formaldehyde are therefore more desirable than hydrocarbons, particularly those with 
larger carbon skeletons. Fortunately, methods of preparing these relatively simple 
materials from naturally-occurring hydrocarbons are commercially available.
Finally, an efficient running fuel cell using a simple fuel produces a low component 
exhaust. For example the hydrogen-oxygen fuel cell produces water as the only waste 
product and with clean hydrocarbon fuel the only other by-product is carbon dioxide.
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In light of recent international legislation on industrial and motor vehicle emissions this 
is possibly the most significant advantage fuel cells have over conventional forms of 
energy production.
1 . 1 . 5  H i s t o r i c a l
The fuel cell is certainly not a recent invention. The first working fuel cell was 
demonstrated in 1839 by Sir William Grove who succeeded in reversing a conventional 
electrolysis experiment. The supply of gaseous hydrogen and oxygen over two 
platinum electrodes immersed in sulfuric acid formed the basis of the first hydrogen- 
oxygen fuel cell, although the current density produced was so small it was of no 
practical use.
Renewed interest in fuel cell technology probably started with the work of F.T.Bacon 
in the nineteen fifties. The robust Bacon Cell was the first in a new generation of 
alkaline fuel cells (AFC) and used a working temperature of 200 °C, an electrolyte of 
45 % aqueous potassium hydroxide and a pressure of 20 - 40 atm. A development of 
this cell was used to supply electrical power for the Apollo spacecraft in the nineteen 
sixties space program and a further development was used in the Space Shuttle. In 
more recent years the driving force behind the development of fuel cell technology has 
come from more terrestrial concerns, primarily for use as a replacement of the internal 
combustion engine. The United States Department of Energy has programs to develop 
both phosphoric acid fuel cells (PAFC) and polymer membrane fuel cells (PEMFC) in 
transportation with the goal of establishing fuel cell vehicles as cost effective 
replacements for internal combustion engine vehicles as rapidly as possible.6
1.2 Oxygen Reduction
1.2.1 Molecular Oxygen
Molecular oxygen is a homonuclear, diatomic molecule that is paramagnetic by virtue 
of two unpaired electrons. Table 1.2 lists some of the properties of molecular oxygen.
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Table 1.2 Properties of molecular oxygen
Molecule Bond Order 0-0 Distance/ Bond Energy/ V o-o /
A Kcal/mol cm'1
o 2 2 1.207 117.2 1554.7
1.2.2 The Electrochemical Reduction of Molecular Oxygen
The electrochemical behaviour of oxygen at the oxygen electrode in aqueous solution 
is essentially more complex than that of other gases such as hydrogen. This is primarily 
due to the great stability of the chemical bond in the oxygen molecule. The main 
problem which faces fuel cell systems is the loss in efficiency that is represented by the 
activation energy of oxygen reduction. This is termed the overpotential (i.e. fche 
potential that the electrode needs to be driven away from E° to give a catalytic 
current). The formation of radicals such as the hydroperoxy radical is therefore 
favoured over complete reduction. If the electrochemical reduction of oxygen at a fuel 
cell electrode in acidic media is considered, then complete reaction occurs with the 
overall transfer of four electrons (Equation 1.6).
0 2 + 4KT + 4e  * 2H20 1.6
E° = +1.23 V AG° = -113.5 Kcal/mol
The reaction is highly exothermic, both under standard conditions ([H+] = 1 M) and at 
biological concentrations of H+ (pH = 7.4, E = +0.79 V, AG = -72.9 Kcal/mol).7 
Molecular oxygen is therefore a powerful oxidizing agent. It is this complete, four 
electron oxidation to water that is the desired reaction if a fuel cell cathode is to 
operate efficiently at a potential near +1.23 volts. Under most conditions, however, the 
above reaction competes with a number of one or two electron transfer processes.
Although the overall four electron reduction is exothermic the one electron reduction
process
0 2 + f r  + e  ► H02. 1.7
E° = -0.32 V
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is quite endotherrnic, owing primarily to the large reduction in 0-0 bond strength on 
going from 0 2 to H02. . A second one electron reduction is highly favourable and 
results in the reduction of the hydroperoxyl radical (H02-) to hydrogen peroxide 
(H202, Equation 1.8).
H02- + H+ + e' * H20 2 1,8
E° = +1.68 V
This can be attributed to the small difference in bond energy between H02. and H202. 
The two electron reduction of oxygen to form hydrogen peroxide can therefore be 
summarised by Equation 1.9.
0 2 + 2H+ + 2e"  > H20 2 1.9
E° = +0.68 V
Formation of hydrogen peroxide in aqueous electrolytes by the above routes results in 
a significant voltage loss from the maximum of +1.23 volts. This can be seen 
experimentally in the hydrogen-oxygen fuel cell using carbon or noble metal oxygen 
electrodes; at room temperatures, potential differences from +1.05 to +1.15 volts have 
been found and the formation of H20 2 observed. The concentration of hydrogen 
peroxide at an efficient oxygen electrode is, however, low as farther reaction can occur 
either electrochemically (Equation 1.10) or chemically (Equation 1.11).
H20 2 + 2H+ + 2e‘ --------> 2H20 1.10
h 2o 2  » h2o  + y2o 2 i .n
Within a fuel cell the formation of H20 2 represents a loss in efficiency and also H202, 
being an oxidising agent with lower activation energy than 0 2, can attack catalytic 
material causing corrosion and deactivation. This is often the cause of deactivation of 
molecular oxygen reduction catalysts.
1.2.3 Oxygen Reduction Catalysts
The choice of a catalyst for the oxygen electrode is therefore somewhat complicated. 
To achieve maximum efficiency, materials capable of binding molecular oxygen and 
delivering four electrons more or less simultaneously are required. This is an ideal
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situation and the majority of catalysts are thought to work on the stepwise reduction of 
oxygen first to hydrogen peroxide and then to water. A catalyst of this type would 
need to be a suitable activator of molecular oxygen and show activity for the 
decomposition of H20 2.
The mechanism of operation of an electrode that adsorbs and facilitates the four 
electron reduction of oxygen at low temperatures has been postulated.5 The first stage 
is believed to be a two point molecular adsorption of oxygen on two adjacent sites on 
the electrode surface (Equation 1.12).
--------s> 112
M + M + 0 2 M ....0=0....M
This arrangement offers the best possibility of supplying four electrons before the 
oxygen is desorbed from the catalyst as water. The one point adsorption of oxygen is 
highly unlikely to effect such a reduction in a rapid fashion and is thought to be the 
mechanism for the formation of hydrogen peroxide.
At the present time the most active catalysts for the simultaneous four electron 
reduction of oxygen - with little H20 2 production - in acid media (e.g. 100 % H3PO4 at 
180 °C) are alloys of platinum with 3d metals such as nickel and chromium dispersed 
finely over the surface of a moderately high area carbon black. Catalytic activity is 
presumed to be due to the arrangement of bimetalic sites on the surface of metal 
crystallites. The dissociative chemisorption of 0 2 onto platinum is believed to be the 
rate determining step in oxygen reduction with the charge transfer being relatively 
facile. This also appears to be the case for lower temperatures as in PEMFCs.
Although industrially precious metal can be dispersed to high area forms, there appears 
to be a limit to such technology. Current catalyst preparation practices can disperse 
platinum typically at practical loading to give surface areas in excess of 120 m2/g. But 
even at these areas, which correspond to a particle diameter of 2 nm, only ~ 40 % of 
the platinum present is on the surface and therefore contributes to catalysis. A 
molecular catalyst where perhaps one or two metal sites are available therefore 
represents an efficient use of material.
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1.3 N 4 M acrocycles as Natural and Synthetic Oxygen Carriers
1 . 3 . 1  N a t u r a l  O x y g e n  C a r r i e r s
In choosing suitable catalytic materials it is noted that N 4  chelates can both transport 
and reduce oxygen in the human or animal body. The proteins involved in 
transportation, namely haemoglobin and myoglobin, combine reversibly with dioxygen 
in the blood by virtue of a hae>n (iron(ll) porphyrin) prosthetic group. The ha&M group, 
along with a copper ion, is also responsible for the reduction of oxygen in the 
cytochrome oxidase enzyme complex. These proteins and their prosthetic groups are 
unstable in dilute sulphuric acid and so interest, for use as catalysts, has focused on a 
number of synthetic porphyrins and other analogues.
1 . 3 . 2  S y n t h e t i c  O x y g e n  C a r r i e r s
The possibility of using synthetic macrocycles as models for biological systems,8’9 for 
instance in the binding of small molecules such as 02, CO and C02, provided much of 
the initial impetus for the design and synthesis of novel N 4  macrocyclic ligands. 
Moreover, many of these synthetic mimics were found to be electrocatalysts for 
important electrochemical reactions, such as the reduction of molecular oxygen and 
carbon dioxide, and the oxidation of water, methanol and hydrazine.10
The reduction of molecular oxygen is one of the most studied and technologically 
important of these reactions. Jahnke11 was the first to demonstrate the catalytic activity 
of macrocyclic ligand complexes for the reaction in 1969 with his study of 
phthalocyanine-carbon support combinations in acid electrolyte. Monomeric and 
polymeric phthalocyanines were precipitated on carbon from concentrated sulphuric 
acid by addition of water and were pressed to form electrodes. This was extended in 
the early 1970’s when metal complexes of three types of synthetic N 4  chelate 
(5,10,15,20-tetraphenylporphyrin (tppH2), 5,14-dihydrodibenzo[/,z][l,4,8,l 1]~ 
tetraazacyclotetradecine (taaH2) and phthalocyanine (pcH2), Figure 1.4) were found to 
be very active in the reduction of oxygen in acids.12
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5,10,15,20-Tetraphenylporphyrin (tppH2) Phthalocyanine (pcH2)
5,14-Dihydrodibenzo[/;,/][1,4,8,1 l]tetraazacyclotetradecine (taaH2)
Figure 1.4 Synthetic N4 macrocyclic ligands suitable as oxygen reduction catalysts
Of the complexes studied the cobalt(II) complex of 5,14- 
dihydrodibenzo[6,/][l,4>8>l l]-tetraazacyclotetradecine was found to be the most 
active when the activity was measured with the catalyst as a powder in suspension 
(suspension electrode). This was in agreement with the work of Beck who found 
Cotaa and Fepc effective catalysts using a similar method.13 A simple means of testing 
catalytic activity involves mechanically mixing the catalyst ( 1:1 ratio) with powdered 
carbon and methanol, forming a paste electrode. This method was used to survey 67 
different compounds and from the results, conclusions relating catalytic performance to 
structure have been drawn.14 As expected, activity for four co-ordinate complexes is 
dependent on the nature of the donor atoms. For iron (the most active metal) as the 
central atom the activity decreases in the order:
N 4 > N 2O2 »  N 2S2 > O4 ~ S4 
For N 4 complexes the activity decreases with the nature of the metal atom in the order:
Fe > Co > Cu > Ni ~ Mn
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Despite many attempts to improve the performance and stability of metal chelate 
catalysts for oxygen reduction, all of the derivatives and metal complexes of the 
ligands so far prepared have been too inactive and too unstable in pH = 0 environments 
for convenient application. Better activities have been observed under basic conditions 
when macrocyclic catalysts have shown activity values equivalent to, for example, 
platinum. In general, the poor intrinsic activity could be due to the low number of 
active sites available. If the catalyst is deposited onto the substrate in multi-layer form, 
then only the surface layers will be active - hence a ‘utilisation’ deficiency. It is thought 
that by using conducting polymers as the substrate, genuine porous 3-dimensional 
catalyst structures can be grown which would allow all the catalyst sites to be active.
In general macrocycles such as porphyrins and phthalocyanines have been extensively 
studied with the dihydrodibenzotetraaza[ 14]annulenes not receiving as much attention 
though they have a range of properties as good as, and in some cases better than, the 
other macrocycles. This project will therefore concentrate on extending research on the 
dihydrodibenzotetraaza[14]annulenes with the aim of producing novel ligands, the 
metal complexes of which can be assessed for catalytic activity to oxygen reduction. 
There are a variety of ways in which the catalysts mentioned above can be combined 
into an electrode. A survey of these techniques forms the basis of the next section.
1.4 Chem ically M odified  Electrodes
1.4.1 Introduction
The term ‘chemically modified electrode’ was first used by Murray and co-workers in 
197515 and the subject has since been discussed in a number of general reviews.16,17,18 
The term is used to describe an electrode coated in a thin film of chosen material 
preventing direct contact between the electrode surface and the bulk electrolyte. 
Electrochemical reactions of species in solution therefore take place through the film 
and the transfer of electrons is mediated by the redox properties of the coating. This 
clearly gives a new flexibility to the design of electrodes, the properties of the coating
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being chosen to catalyse or block specific reactions. An example^ the use of a modified 
electrode for oxygen reduction is given in Figure 1.5.
E l e c t r o d e  C o a t i n g  E l e c t r o l y t e
Ox v  j  R e d  r  O x4 e _
Y
O
4H4
K  o
R e d  '  v  O x  r '  R e d  
Figure 1.5 Electron mediation in a modified electrode for oxygen reduction
1 . 4 . 2  T h e  S y n t h e s i s  o f  C h e m i c a l l y  M o d i f i e d  E l e c t r o d e s
There are a variety of methods that can and have been employed to incorporate such a 
redox component on an electrode surface.19 The methods of adsorption, covalent 
bonding and polymer film formation will be discussed.
1.4.2.1 Adsorption
Adsorption, or chemisorption, represents one of the oldest and simplest methods for 
anchoring a redox species to the electrode surface. There is a vast literature on the 
different materials that adsorb to various electrode surfaces and this method has been 
used to incorporate a number of redox species. For example, Lane and Hubbard20 used 
the chemisorptive bond between olefins and platinum to incorporate various 
complexes. The vast majority of adsorption studies involve carbon electrodes and a 
large variety of substituted porphyrin and phthalocyanine complexes (Table 1.3) have 
been incorporated in this way for use as oxygen reduction catalysts.
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Table 1.3 N4 Macrocyclic Ligand Complexes Adsorbed to the Surface of Electrodes
Substrate Adsorbed Species Ref
Pyrolytic
graphite
or
glassy
carbon
X = H 21
M = Fe, Co 22
Zn 23
x
Glassy
carbon
24
Graphite
Pyrolytic 
graphite 
Au, Pt
25
26
M = Co, Fe 27
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The most successful series of investigaxions to date have been those by Anson and 
Collman including a classic example of oxygen reduction employing face to face 
porphyrins.28,29 Porphyrin dimers were prepared by joining two porphyrin rings with 
amide bridges of varying lengths (Figure 1.7).
Figure 1.7 Face to face porphyrin dimers adsorbed to the surface of graphite electrodes
Metal complexes of the dimers were then obtained either by joining two metalated 
monomers or by insertion reactions into the dimer in the usual way. These cofacial 
metalloporphyrins were then adsorbed on the surface of graphite electrodes and were 
found to be catalytic for the electroreduction of oxygen in aqueous acidic electrolytes. 
The chief reduction product in many cases was hydrogen peroxide although the 
dicobalt dimer catalysed reduction almost exclusively to water. This unusual example 
of four electron reduction of oxygen is believed to be due to the two point adsorption 
of molecular oxygen to the porphyrin dimer.
Although adsorption is the simplest way of modifying the surface of an electrode it is 
an equilibrium process and therefore the material will eventually desorb from the 
electrode surface giving rise to electrodes of limited life. In addition, the coverage 
produced is usually only a mono-layer and this therefore limits the amount of material 
that can be incorporated.
<CH2)m (CH2)m n = m = 1 ; M = Co, Fe
= 1, m = 2 : M = Co
NH HN = 2, m = 1 ; M = Co
(CH2)n (CH2)n = m = 2 ; M = Co
1.4.2.2 Covalent Bonding
Reactions using covalent bonding in electrode surface modification have been 
extensively employed and produce strongly bonded films, usually of mono-layer
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coverage. The process can be broadly divided into two areas depending on the nature 
of the electrode to be modified.
(i) Metal Electrodes. Most metal electrodes, when oxidised in acidic media, are 
coated with a thin oxide layer. This superficially oxidised metal may be reacted with 
siiane reagents to give species covalently attached by siloxane bonds (Scheme 1.1).
M - y
/
/
/
OH + X— Si— R
\
M
4
/
/
/
/
/
O Si— R + HX
\
X = OR. Cl
R = A group containing a reactive centre ( NH2, Cl, COOH) 
at which further synthesis can take place.
Schemel.l The use of siloxane reagents
By further reactions of the R group, a number of redox active species have been 
immobilised. Examples of macrocycles attached to electrodes using siloxane bonds are 
given in Table 1.4.
(ii) Carbon Electrodes. Carbon electrodes have also been modified by using the 
chemistry of groups known to be present at the carbon electrode surface. For example, 
reaction of the electrode with thionyl chloride results in the generation of acid chloride 
groups which can be reacted with amine groups to give rise to covalent bonding via
amide bonds (Scheme 1.2).30
Carbon /
electrode /
/
/
A 0„
/]
C
/
/
o
SOC1
OH
2
c
/
/
/
o
NITjR
Cl
Scheme 1.2 The modification of a carbon electrode
This method has been used to immobilise a number of macrocyclic ligands, including
7,10,15,20-tetra(p-aminophenyl)porphyrin, (p-NFDftppFfy)31’32 as well as some of its 
metal complexes (Figure 1.8).33
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T a b l e  1.4 N4 Macrocyclic Ligands and Their Complexes Attached to Electrodes
Using Siloxane Bonds
Modified Electrode Ref
*
R = (CH2)3-NH-
(CH2)2 34
M = Co , Cu
Sn
35
M
Mi -  Pt, 
glassy carbon
M = Co, Cu
36
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M = Mn, Fe, Co 
Ni. Cu, Zn
Figure 1.8 Immobilisation of metal complexes of (p-NH2)4tppH2 on a carbon electrode 
1.4.2.3 Polymer Films
Most recent work on chemically modified electrodes has centred on polymeric coatings 
which offer a higher stability and enhanced catalytic effects over mono-layers. Polymer 
films can be divided into two categories depending on how the redox centre is 
immobilised; redox polymers have the redox centre as part of the polymer backbone, 
whereas in ion-exchange polymers the redox species is a counterion to a poly-ionic 
film. The preparation of electrodes modified with redox polymers can be achieved in a 
number of ways:
(i) Adsorbed films. In this method a pre-formed polymer containing the redox 
centre can be attached directly to the electrode, usually by adsorption or droplet 
evaporation. An extension of this methodology is to complex the redox centre to a 
previously prepared polymer at the electrode surface, e.g. by ligand substitution.
(ii) Electrochemical Coating. One of the most useful ways of modifying the 
surface of the electrode to include the redox centre is by electropoiymerisation. All 
important conducting polymers37,38 can be electrochemically produced by anodic 
oxidation of the corresponding monomer in solution. Using this method conducting
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films of the polymer are formed directly onto the electrode surface, offering distinct 
advantages over methods of chemical preparation. The process can be applied to a 
broad range of electrode materials and the coating produced can be exactly and 
reproducibly controlled. Table 1.5 lists some common conducting polymers that can be 
prepared electrochemically. All of these polymers may be considered as conjugated 
backbones for attaching redox centres, the simplest method of preparation being direct 
polymerization of a functionalised monomer.
Polypyrrole was first formed in acetonitrile by Diaz and co-workers in 197939 and has 
since found widespread use in the coating of electrode surfaces. Moreover, the 
polymerisation of a wide range of iV-substituted pyrroles has been reviewed40,41 and is 
an exceptionally convenient way of introducing redox active components into these 
films. Substituents with redox centres varying in size from small organic groups to 
bulky metal-macrocyclic ligands are tolerated, and the centres may be active at either 
positive or negative potentials
Conducting forms of polyaniline have also been extensively studied as electrode 
coatings and, likewise, attention in this area has focused on substituted anilines, used 
to introduce a range of different redox species. One advantage of studying substituted 
anilines is that they are readily converted to A-substituted pyrroles by reaction with 
2,5-dimethoxytetrahydrofuran (Scheme 1.3).
Scheme 1.3 Synthesis of a pyrrole from a primary amine
This methodology has been used in this work to attach a redox component (R) to an 
electrode using aniline- or pyrrole-like polymerisations. A detailed discussion of the 
solution electrochemistry of pyrrole and aniline can be found in Section 6.4.
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T a b le  1.5 Some Conducting Polymers Prepared by Electrochemical Polymerisation
Name Structure C o nductivity/S/cm
Polypyrrole T VN 100
Polythiophene H W
•S'
106
Polyfixran t vO
Polyaniline •NH- W // variable
Polycarbazole
‘N
10"3 - 10‘4
Polynapthalene \\ //
W //
10'
Polyazulene 10'1 - 1
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There has been much interest in recent years in the use of transition metals as the 
redox active components in films and many complexes with electroactive substituents 
have been prepared for use as monomers. Perhaps the best characterised and most 
extensive family of compounds in this regard are the complexes of pyridine-containing 
ligands. Abruna and Murray42 were the first to produce films of ruthenium and iron 
complexes of vinylpyridine and vinylbipyridine. Later, Deronzier and co-workers 
prepared a series of complexes of pyrrole-substituted pyridines and bipyridines.43,44 
Among the many other examples are aminophenanthroline complexes of a wide range 
of metal ions,45 and pyrrole-substituted phenanthrolines.46
It is, however, films that contain integral macrocyclic ligand units which are of most 
interest in catalysis. The first report of a film prepared by the polymerisation of a 
substituted porphyrin was by Macor and Spiro47 in 1983. Oxidative 
electropolymerisation of the naturally-occurring protoporphyrins and metalloproto- 
porphyrins resulted in film formation that was attributed to reaction of the vinyl side 
chains. Using a similar methodology several synthetic aniline- and pyrrole-substituted 
N4 macrocyclic ligands (Table 1.6) have been prepared and used to incorporate 
porphyrin, phthalocyanine and cyclam rings and their metal complexes into polymer 
films on the electrode surfaces.
To date, the only account of a dihydrodibenzotetraaza[14]annulene being immobilised 
by electropolymerisation of a pendant group concerns ligands of substituted tmtaaH2. 
Deronzier and Marques48 acylated the ligand tmtaaH2 using the chlorine derivative of 
l-(4-carboxybenzyl)pyrrole resulting in a pyrrole-substituted ligand (Figure 1.8).
R
O
R = // w CH2— N
R
Figure 1.8 A pyrrole-substituted TAA
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Table 1.6 Electropolymerisable N4 Macrocyclic Ligands and Metal Complexes
Electrode N4 Macrocyclic ligand Notes Ref.
Glassy carbon
Glassy carbon 
and Pt
Glassy carbon
Glassy carbon 
and Pt
ON
I(CH2)4
H J,N N,
; » ?
X1S. f l  / X1
C"
< U " ' “
Ni complex
o
Ni complex 
Co complex
*2 x, = NH2. X2 = X3 = H 
Co and Ni complex 
X] = pyr. X2 = X3 = H 
Co complex 
X2 = NH2. X, = X3 = H 
Co complex 
X3 = NH2, X] = X2 = H 
Co and Ni complex
49
50
51
52
53
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It should be mentioned that the dihydrodibenzotetraaza[14]annulenes without 
substituents in the bridge-head position are an exceptional class of compounds in that 
they themselves can undergo electropolymerisation. This behaviour has been 
extensively investigated as a mechanism for incorporating ligands into films. A review 
of the electrochemistry of some well-established dihydrodibenzotetraaza[14]annulenes 
is given in Section 6.2.
1.5 The W o rk  on Tetraphenylporphyrin From  The Literature
1 . 5 . 1  B a c k g r o u n d
The feasibility of attaching oxygen reduction catalysts to electrodes by 
electropolymerisation has been demonstrated by Bettelheim and Murray in their work 
on substituted tetraphenylporphyrins. Using simple organic transformations it is 
possible to prepare amine- and pyrrole-substituted tetraphenylporphyrins and the 
electrochemistry of these ligands, along with their metal complexes, has been the 
subject of many recent publications.
1 . 5 . 2  5 , l O , 1 5 , 2 O - T e t r a ( 0 - a m i i i o p h e n y ! ) p o r p h y r i n
The oxidative electropolymerisation of 5,10,15,20-tetra(o-aminophenyl)porphyrin, (o- 
NH2)4tppH2, was first reported by White and Murray in 1985.54 The ligand was 
prepared according to published procedures55 and was metalated to give Fe, Mn, Zn, 
Ni and Co complexes. The completeness of the metalation was checked with both TLC 
and visible spectroscopy. Electrochemical investigation of the ligand in acetonitrile 
with EtN4C104 as the supporting electrolyte shows a one electron reduction at E° = - 
1.17 volts versus SSCE. Oxidation of the porphyrin solution, between 0.0 and +1.1 
volts, however resulted in a build-up of current response with each successive potential 
scan and deposition of a polymeric film on the surface of the electrode. Films of the 
metal porphyrins were also grown and formal reduction potentials recorded for species 
both in solution and electropolymerised to the electrode surface.
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Much work has concentrated on the electrochemistry of cobalt complexes of the
5,10,15,20-tetra(aminophenyl)porphyrins. Co(III)(<9-NH2)4(tpp)Cl, prepared by 
reaction of the corresponding ligand with anhydrous cobalt chloride in refluxing DMF 
under nitrogen, has been found to electropolymerise.56 The films produced reduced 
dioxygen catalytically and relatively high reduction potentials were achieved; however, 
high H202 concentrations were obtained, especially in basic solutions. A similar 
response was observed for the iron complex Fe(III)(<?-NH2)4(tpp)Cl.57
A method for the synthesis of Co(o-NH2)4tpp is given in the literature and 
electropolymerised bilayers of polyCo(o-NH2)4tpp and polyMn(o-NH2)4tpp are 
reported to be more efficient catalysts that those of the porphyrin alone.58 Also 
reported is the catalytic activity of ruthenium complexes of 5,10,15,20-tetra(o 
aminophenyl)porphyrin with various axial ligands,59 and the electrocatalytic properties 
of chemically polymerised films of the cobalt, iron and manganese complexes.60 
PolyM(o-NH2)4tpp complexes were made by White and Murray in which M is Fe, Co, 
Ni and Cu.61 The monomers used were again the Co(III) and Fe(III) complexes with 
chloride as the axial ligand.
1.5.3 Other Electropolymerisabie Derivatives of T p p H 2
Although most work concentrates on the ortho-substituted 5,10,15,20- 
(aminophenyl)porphyrins, there has also been work on the ligand with the amine in 
both the meta and the para positions.
CK .11
+ 4
N O ,
oN
M e
O O
A A M e
r>
o
O H
Scheme 1.4 Synthesis of (p-N02)4ppH2
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The nitro-substituted derivative (/?-N02)4tppH2 can be prepared by the reaction of p- 
nitrobenzaldehyde and pyrrole in a mixture of acetic anhydride and propionic acid 
(Scheme 1.4). Reduction with stannous chloride in concentrated HC1 results in the 
amino derivative, (p-NH2)4tppH2, which can be refluxed with 2,5- 
dimethoxytetrahydrofiiran in glacial acetic acid to give the pyrrole-substituted ligand 
(/?-pyr)4tppH2 (Scheme 1.5).
irnV^l2.ZTl2vT ^
(/?-N02)4tppH2 > (p-NH2)4tppH2 ► (p-pyr)4tppH2
HC1 CH3COOH
Scheme 1.5 Synthesis of (p-NH2)4tppH2 and (/?-pyr)4ppH2
The electrochemistry of (p-NH2)4tppH2 and (p-pyr)4tppH2, and their cobalt and nickel 
metalated complexes, has been described.53
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2.1 Introduction to M acrocyclic Ligand Chemistry
2.1.1 Background
2.1.1.1 Definition o f a Macrocyclic Ligand
A macrocyclic ligand is a polydentate ligand containing donor atoms attached to or, 
more frequently, incorporated in a cyclic backbone. The ring must contain a minimum 
of nine atoms, at least three of which are donor atoms.
2.1.1.2 Historical
The chemistry of macrocyclic ligands62,63 has been studied since the beginning of the 
century. However, prior to 1960 few compounds were known and little interest was 
shown in their coordination chemistry. It was soon recognised that macrocyclic ligand 
complexes were involved in a number of fundamental biological systems, modelling of 
which provided much of the impetus for new research. The past thirty years has seen a 
steady growth in the number of synthetic macrocycles which are now best considered 
separately from their naturally-occurring derivatives.
2.1.2 Categories of Synthetic Macrocyclic Ligand
2.1.2.1 Donor Atom Type and Count
Synthetic macrocyclic ligands can be divided into two main groups, depending on the 
nature of their donor atoms. The first group contains oxygen donor ligands, such as the 
‘crown’-type polyethers, which are usually found to complex with alkali and alkaline 
earth metals. The second group contains donor atoms other than oxygen, such as 
nitrogen, sulphur and phosphorus, and forms stable complexes with transition metals 
and other heavy metal ions. These groups cover only ligands with the same type of 
donor and a third group of macrocycles, those containing mixed donor atoms, falls 
somewhere between the two extremes.
Along with type, the number of donor atoms is often quoted when classifying 
macrocyclic ligands. The vast majority of metal ions coordinate with various
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macrocyclic ligands, as with normal non-cyclic ligands, and ligands with three to six 
donor atoms are known. The current work deals solely with ligands which have four 
nitrogen donor atoms (N4 ligands).
2.1.2.2 Size and Donor Pattern of Macrocyclic Ring
Further classification of ligands considers the number of atoms in the inner macrocyclic 
ring and the pattern of the donor atoms. The size of the inner ring (the macrocyclic 
ring) generally increases with the number of donor atoms, and ligands with four donor 
atoms usually have between 12 and 17 inner ring members. The donor pattern gives 
the sizes of chelate rings formed with a metal ion at the centre of the macrocyclic 
cavity and most macrocycles have donor atoms spaced to give 5-, 6-, and occasionally 
7-membered chelate rings. For example, there are at least three distinct donor patterns 
for 14-membered ring systems with four donor atoms (Figure 2.1).
Figure 2.1 Examples of donor patterns for a 14-membered macrocyclic ring with 4 donor atoms
2.1.3 Steric and Electronic Considerations
2.1.3.1 The Macrocyclic Hole Size and Bonding Cavity
(i) Macrocyclic Hole Size. The hole size of a macrocyclic ligand is a fundamental 
structural parameter, influenced by the size of the macrocyclic ring and the nature and 
pattern of donor atoms. The diameter of the hole (DH) for a ligand with an even 
number of donor atoms, held in a planar arrangement, is defined as the mean distance 
between diametrically opposed donor atoms. DH can be measured directly from X-ray 
structural data or estimated from a molecular model of the ligand. The macrocyclic 
hole size (Rh) is the radius of the donor atom hole (Figure 2.2).
[5656] [5566] [5557]
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Figure 2.2 Macrocyclic hole size (RH) for 14-membered [5656] macrocycle
Using the same methods Dh and Rh can be measured or estimated for coordinated 
macrocycles. In the case where the metal ion sits in the centre of the cavity in the plane 
of the macrocycle, the mean hole size (R h)  is equivalent to the mean metal-donor atom 
(M-X) bond length. On complexation RH can often vary, and with flexible (saturated) 
macrocycles there is often a contraction of large rings and an expansion of small rings, 
resulting in an improved metal ion fit for each complex.
(ii) Bonding Cavity. Because the donor atoms are of finite size it is necessary to 
correct the hole size giving the bonding cavity which is available for a metal ion. The 
radius of the bonding cavity (R a) is therefore the macrocyclic hole size (R h) minus the 
covalent radii of the donor set (R d, Figure 2.3).
Figure 2.3 Macrocyclic bonding cavity (Ra) for 14-membered [5656] macrocycle
There are a number of ways the covalent radii of the donor set (R d)  can be estimated, 
and as a simple approximation Pauling’s covalent radii for nitrogen, oxygen, 
phosphorus and sulphur may be appropriate. Lindoy64 obtained the mean bond length 
from nickel to a variety of donor atoms by searching the Cambridge Crystallographic 
Data Base. Rd (Table 2.1) was then estimated by subtracting the ionic radius for nickel 
(Table 2.2).
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Table 2.1 Estimated Values of Rd Based on 
Ni(II) Complexes
Donor Atom R d / A
(Ni(II)complex)
N(secondary
amine)
N(imine)
I
H
‘N
0,72
0.66
Table 2.2 Effective Ionic Radii (A) 
of Some Transition Metals
0.69Ni(II)
Co(II)LS 0.65 A
Co(II)HS 0.74 A
Cu(II)
Pt(H)
0.73 A  
0.80 A
Fe(II)LS 0.61 A Mn(II) 0.67 A
Fe(II)HS 0.78 A
Tables such as these may be useful for calculating goodness-of-fit parameters for 
ligands coordinated to a variety of metal ions although caution should be exercised if 
used to predict the suitability of a metal-ligand interaction.
2.1.3.2 The Macrocyclic Effect
Macrocyclic ligand complexes often show enhanced thermodynamic and kinetic 
stabilities relative to the corresponding open-chain complex. This property, termed the 
macrocyclic effect, is most prominent in ligands with a high degree of conjugation 
relative to the open-chain complex, and is enhanced by aromaticity.
2.1.3.3 Unsaturation
The degree of unsaturation in the macrocyclic ring severely affects its steric and 
electronic properties. Extensive unsaturation results in a loss of flexibility and an 
increased macrocyclic effect. In the extreme case a ligand may be completely 
conjugated to yield an annulene-type ring which has an added stability if (4n + 2)n 
electrons are present giving Hiickel aromaticity.
2.1.4 Redox Properties of Macrocyclic Ligands and Their Complexes
2.1.4.1 General Considerations
The redox chemistry of macrocyclic ligands and, more importantly, their metal 
complexes has received much attention. Broadly speaking, macrocycles offer an inert
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system with a well defined environment for the metal ion. This often enables an exact 
electrochemical study of the metal ion redox process and, because of steric and 
electronic constraints in the macrocyclic cavity, may result in the stabi lisation of less- 
common oxidation states.
As well as systems where the redox behaviour is purely metal centred, a number of 
more conjugated ligands, as with simple aromatic compounds, show a redox chemistry 
of their own. Although with many complexes it may be possible to distinguish between 
metal- and ligand-centred processes, a broad continuum often exists between the two 
extremes, making exact assignment of a couple impossible.
There are a number of cautions involved in obtaining E° values for redox processes of 
macrocyclic ligands and their complexes. As well as ligands being subject to the usual 
solvation effects, often exaggerated by the macrocyclic cage, complexes of the ligand 
may coordinate solvent or electrolytic anion. These effects can be troublesome and 
particular care should be exercised when comparing electrochemical data not obtained 
under similar conditions.
2.1.4.2 Metal-Centred Redox Processes
Redox processes of ions of the transition elements iron, cobalt, nickel and copper have 
been the most extensively studied and, when coordinated to a macrocyclic ligand, all 
show less-common oxidation states by either oxidation or reduction (Table 2.3).
Table 2.3 Electrochemically Generated Oxidation States of Some Transition Elements
Transition Metal Common oxidation 
state
Less-common 
oxidation state by 
oxidation
Less-common 
oxidation state by 
reduction
Fe (II),(III) (I)
Co (II),(III) (I)
Ni (II) (in) (I)
Cu (II) cm) (I)
These metal-centred redox processes are of particular interest because they can be 
found over a wide range of potentials depending on the nature of the coordinating
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macrocycle. Variations in ring size, substituents, degree of unsaturation, conjugation 
around the ring and charge on the ligand are all contributory factors in determining the 
E° value of a couple. Thus, by varying these structural parameters, the electrochemist 
has control over the potential of couples useful in the design of catalytic systems and 
the mimicking of natural systems.
(i) Oxidations. The effect on oxidation potential of changing macrocyclic ligand 
structure can be demonstrated in the Ey2 values obtained for the Ni(II)/(III) couple in a 
selection of nickel(II) tetraaza macrocyclic complexes.65 For twenty seven such square 
planar complexes potentials for the Ni(II)/(III) couple in acetonitrile ranged from -0.5 
to +1.3 volts. Moreover, the potential of the couple and the degree of stabilisation for 
each oxidation state haytbeen directly related to the structure of the coordinating 
macrocycle. To a lesser extent, similar shifts in the Fe(II)/(III), Co(II)/(III) and 
Cu(II)/(III) couples of related systems have been recorded.
The Co(II)/(III) couple is the most important metal-centred couple when studying 
catalytic activity to oxygen reduction. As mentioned previously, a potential of +1.23 
volts is required for the complete four electron reduction of oxygen to water without 
catalyst. The extent to which the Co(II)/(III) couple, measured in deoxygenated 
solvent, governs the resulting potential for oxygen reduction at the chelate is not clear. 
It is, however, evident that for cobalt porphyrin and Schiff-base complexes the more 
positive the Co(II)/(III) couple the higher the oxygen binding constants.7 The 
Co(II)/(III) couple of synthetic cobalt porphyrins has been extensively studied. E>/2 
values in the range -0.45 to +0.40 volts (vs SCE) have been recorded for Co(II) 
monomers,13 although with dimers28 exceptionally high values (+0.72 V vs SHE) have 
been recorded in electrolyte saturated with oxygen. The Co(II)/(III) couple, although 
not very sensitive to variation in in-plane ligand field, is extremely sensitive to variation 
in axial ligand field. An axially coordinated base, such as pyridine or imidazole results 
in a cathodic shift. For example the value of the couple for Cotpp (+0.32 V vs SCE) is 
reduced in Cotpp(py) (-0.21 V vs SCE). A favourable shift of the Co(II)/(III) couple 
to a more positive potential should be possible by the introduction of electron 
withdrawing groups onto the macrocyclic framework. For example, the value of the
Chapter 2 Macrocyclic Ligand Chemistry and the Tetraaza[ 14]annulenes 36
couple in Co(p-Cl)4tpp (+0.40 V vs SCE) is higher than that in Cotpp. Fortunately, 
rather small anodic shifts in the oxygen reduction potential would be of great 
significance in fuel cell applications if the overall current densities can be maintained.
The reason for the choice of the Co(II)/(III) couple over other metal-centred redox 
processes can be demonstrated in the metallo-tetraphenylporphyrins. The couple is the 
most anodic of the metalloporphyrins that show a demonstrable affinity for oxygen 
(Figure 2.4). The Ru(II)/(III) is also sufficiently anodic as are the slightly more 
cathodic Mn(II)/(III) and Fe(II)/(III) couples. The couples with highly anodic values 
(Ni(II)/(III), Fe(III)/(IV)) unfortunately show no tendency to bind oxygen, presumably 
because of their diminished electron availability.
+0.45 V +1.00 V
0  o 2 / h 2 o 2  a  o 2 / h 2 o
* Co(I/II) O Mn(II/III) o Co(II/III) * Fe(III/IV) 
o Cr(II/IIII) ♦ Fe(II/III) o Ru(II/III) * Ni(II/III)
I-------------1------------ 1------------ 1-------------1-------------1-------------------
-1.2 -0.8 -0.4 0 0.4 0.8 1.2
E *  v s  S C E  /  V
Figure 2.4 Redox potentials of metal ion complexes of derivatives of tppH2
(ii) Reductions. For nickel, it has been generally observed that the lower the 
oxidation potential for the Ni(II)/(III) couple, the more negative is the reduction 
potential for the Ni(II)/(I) couple. Much the same control over the potential of the 
Ni(II)/(I) couple exists by varying the nature of the ligand. Tetraaza macrocycles have 
proved particularly good at stabilising the Ni(I) and Cu(I) oxidation states. Whereas 
the one electron reduction of a range of Ni(II) porphyrins and chlorins results in the 
formation of anion radicals via ligand reductions, a series of ligands based on Nitmtaa66 
undergo metal-centred reduction to the formal Ni(I) state. ESR spectroscopy is 
particularly useful in characterising a reduced species of this type,
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enabling assessment of whether the unpaired electron density is localised on the metal 
or delocalised about the ring. The Ni(II)/(I) couple is of possible use as it is close to 
that for the reduction of C02.
2.1.4.3 Ligand Centred Redox Processes
A large number of redox reactions involving macrocyclic ligand complexes result in 
discrete changes in the unsaturation pattern of the macrocyclic system. Chemical 
reactions, namely hydrogenation and oxidative dehydrogenation, of many macrocyclic 
ligand complexes have been documented with reactions usually involving conversion 
between imine and secondary amine groups. The catalytic hydrogenation of some 
macrocycles is discussed in Section 5.1.
Electrochemical oxidation of the ligand usually results in the loss of an electron to give 
the n cation radical and reduction results in the n anion radical. This is the case with 
both porphyrins67 and metalloporphyrins in non-aqueous media and often further 
oxidation yields the dication and further reduction yields the dianion. Complexes of the 
MTAA type may oxidise to give n cation radicals, which spontaneously react in 
solution to form dimers or polymers. This is discussed in Section 6.2.
2.2 Synthetic Procedures For M acrocycles
2 . 2 . 1  P r o b l e m s  w i t h  M a c r o c y c l e  S y n t h e s i s
There are a number of problems associated with the synthesis of large cyclic 
compounds. The first, an unfavourable entropy of reaction, results from the low 
probability of two ends of a chain coming together to form a cyclic compound. 
Intermolecular formation of oligomers and polymers (Figure 2.5B) is therefore often 
favoured over intramolecular reactions to form macrocycles (Figure 2.5A). Although 
this problem can be overcome by, for example, high dilution procedures or template 
synthesis, the yields of many cyclisation reactions are low and products are often 
impure due to the presence of small amounts of polymeric material and/or guest 
compounds incorporated into the macrocyclic cage.
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Cyclisation reactions can be broadly subdivided into two main categories. The first of 
these is the ‘direct’ synthesis, in which the cyclisation proceeds according to a normal 
organic reaction. In the second group of reactions the metal acts as a ‘template’ on 
which the product forms (Figure 2.6).
\J
—o
Macrocycle
Figure 2.5 Inter-
a )
u IT M )  > (  m
Figure 2.6 Template reaction of an intermediate
2.2.2 Direct Macrocycie Synthesis
2.2.2.1 High Dilution Procedures
A typical direct synthesis involves the reaction of two reagents in equimolar quantities 
such that 1:1 condensation results in the formation of a partly cyclised intermediate. 
On subsequent intermolecular condensation the ring closes to form a cyclic product. 
Cyclisation reactions are frequently performed under conditions of high dilution, which 
favours intramolecular as opposed to intermolecular reactions. This procedure is vital 
for the synthesis of the polyether class of macrocycles, for which specialised apparatus 
is used to maintain extremely small concentrations of unreacted reagents in solution.
Polymer
and intra-molecular reaction of an intermediate
2.2.2.2 Low to Moderate Dilution Procedures
Special sets of circumstances appear to be necessary for cyclisations to proceed in low 
to moderate dilution. In some reactions ions such as sodium or potassium act as
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templates, but are expelled from the product on formation. Other mechanisms also 
exist and often involve a high degree of hydrogen bonding in the macrocyclic ring of 
the partly cyclised intermediate or reaction product. Hydrogen bonds tend to reduce 
the lone pair electronic interactions of the ring, favouring ring closure of intermediates 
and the stabilisation of products. An example is the reaction of 2,9-dichloro-l,10- 
phenanthroline and 2,9-diamino-1,10-phenanthroline at moderate dilution in 
nitrobenzene (Scheme 2.1), resulting in yellow needles of a macrocyclic product, 
isolated in greater than 90 % yield. The high yield of product under these conditions
has been attributed to intermolecular N-H -N hydrogen bonds formed in the 
macrocyclic ring.
Scheme 2.1 Synthesis of a macrocycle under conditions of moderate dilution
2.2.2.3 Advantages of Direct Macrocycle Synthesis
Direct synthesis is the preferred method of ligand preparation in cases where 
reasonable yields can be obtained. The ligand can be isolated and analysed using 
conventional organic chemistry techniques and, if necessary, further purified. One 
batch of ligand can then be used to prepare different metal complexes using a variety of 
well documented insertion reactions.
2 . 2 . 3  T e m p l a t e / / ? ?  Situ S y n t h e s i s  o f  M e t a l  C o m p l e x e s
2.2.3.1 Introduction and Mechanism
The effect of metal ions in promoting certain cyclic reactions has been recognised for 
many years. Metal complexes of phthalocyanine were the first to be prepared, but it 
was Curtis (1960) with his discovery of a nickel macrocycle from the reaction of
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[Ni(l,2-diaminoethane)3]2+ and dry acetone that fuelled interest in the template 
procedure. The mechanism of many template reactions is complicated and the exact 
role of the metal ion often not fully understood. There are, however, two extreme 
cases where the processes leading to cyclisation about the metal have been established, 
(i) A thermodynamic template effect evolves a cyclisation reaction in equilibrium and 
the presence of a metal ion shifts the equilibrium to promote formation of a metal 
complex, (ii) A kinetic template effect is established when a metal ion directs the steric 
course of a cyclisation reaction to promote formation of a metal complex. Template 
reactions can roughly be divided into three groups; namely those based on Curtis-type 
condensations and those based on conventional Schiff-base and non Schiff-base 
condensations.
2.23.2 Curtis Condensations
As implied previously, Curtis showed that the yellow crystalline product from the 
reaction of [Ni(l,2-diaminoethane)3]2+ with dry acetone^ /a mixture of two isomers of a 
14-membered N4 macrocyclic complex (Figure 2.7).
Figure 2.7 Isomeric macrocyclic products of the Curtis reaction
In this reaction, and numerous others based on it, formation of the six-membered 
chelate ring comes from the condensation of two acetone molecules. The exact 
mechanism of the reaction is, however, unknown.
2.2.3.3 Schiff-Base and Related Condensations
Schiff-base condensations between amines and aldehydes or ketones have played a 
prominent role in metal ion template chemistry. The self condensation of o-
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aminobenzaldehyde was one of the first examples. In the absence of metal ion, self 
condensation is slow, but with Ni(II) both the 12-membered N3 (Figure 2.8A) and the 
16-membered N4 (Figure 2.8B) donor macrocyclic rings are formed.
Figure 2.8 Macrocycles formed from the self condensation 
of o-aminobenzaldehyde in the presence of Ni(II)
Another set of ligands, prepared by Schiff-base template reactions, which have 
received much attention are the Jager-type ligands. The (3-diketoiminato complex 
(Figure 2.9A) is first prepared by template reaction with either Ni(II) or Cu(II). 
Reaction of this partly cyclised product with o-phenylenediamine, ethylenediamine and 
1,3-propanediamine results in ring closure to form the N4 macrocycle (Figure 2.9B). 
The reactions were first done under severe conditions, although synthesis in 
THF/EtOH is now preferred and some mechanistic detail has been derived from 
reactions in this solvent.
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Figure 2.9 Cyclised and partly cyclised Jager-type macrocyclic ligand complexes
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2.2.3.4 Non Schiff-Base Template Reactions
Although Schiff-base condensations are the most popular template reactions, numerous 
other procedures for ring closure have been documented using a variety of other 
reactions. Alkyl halides and a,a ’-dibromo-o-xylene are just two reagents used to 
condense with donor atoms, and there are even reports of ring closing condensation at 
centres other than donor atoms.
2.2.3.5 Advantages of Template Synthesis
Template synthesis produces the metal complex directly and may often involve fewer 
synthetic steps than direct reaction followed by insertion. The method can be used to 
prepare complexes of macrocycles that do not cyclise under metal-free conditions, 
does not need special apparatus for high dilution and often results in excellent yields. 
De-metalation can readily yield the free macrocyclic ligand, and in many cases reaction 
intermediates can be isolated and used to prepare unsymmetrical ligand complexes.
2.3 The Dihydrodibenzotetraaza[14]annulenes
2 . 3 . 1  I n t r o d u c t i o n
The dihydrodibenzotetraaza[14]annulenes are an important class of synthetic N4 
macrocyclic ligand, based on the tetraaza[14]annulene framework (Figure 2.10). The 
ligand 5,14-dihydrodibenzo[6,/][ 1,4,8,11 jtetraazacyclotetradecine (taaH2, Figure 2.11) 
is the simplest in this group of interesting and potentially useful ligands, the study of 
which is the concern of this thesis.
Figure 2.10 Figure 2.11
tetraaza[14]annulene 5,14-dihydrodibenzo [/>,/'][ 1,4,8,1 l]tetraazacyclotetradecine
(taaH2)
Chapter 2 Macrocyclic Ligand Chemistry and the Tetraaza[14]annulenes 43
The many derivatives of taaH2 have substituents both on the 1,3-propanediimine 
bridges and on the benzenoid rings. These substituents may, in some cases, severely 
effect the ligand’s structure and reactivity but the 14-membered macrocyclic ring, 
present in all members of the group, dominates the cyclic and complexation chemistry.
2.3.1.1 Nomenclature
Over the years, a number of conventions have been used for naming 
tetraaza[14]annulene type compounds. For example, the ligand taaH2 can be given the 
systematic name l,8-dihydro-2,3:9,10-dibenzo-l,4,8,l 1-tetraazacyclotetradecane- 
4,6,11,13-tetraene which is based on the structural framework (I).
(I) (II)
The name used for the same compound in the Chemical Abstracts Chemical Substance 
Index is 5,14-dihydrodibenzo[/, /] [1,4,8,11 ]tetraazacyclotetradecine, which although 
less systematic is in widespread use. This system of nomenclature is based on (I) for 
numbering nitrogen atoms and positioning of benzene rings, and on (II) for numbering 
substituents. This is the system used for naming compounds in this thesis, and has the 
advantage that substituents on the benzene rings can be easily identified.
The common name 5,14-dihydrodibenzo[A/][l,4,8,l l]tetraaza[14]annulene is used to 
describe taaH2 in older literature, but the terms dihydrodibenzotetraaza[14]annulene 
and tetraaza[14]annulene (TAA) are used here only to describe the general class of 
compounds.
2.3.1.2 Macrocyclic Structure
The macrocyclic nature of this group of ligands is best demonstrated with taaH2 itself 
which has (i) a 14-membered inner macrocyclic ring with a [5656] donor pattern (ii)
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16(4n) k electrons in the inner macrocyclic ring making it anti-aromatic (iii) four 
nitrogen atoms confined to a plane which favours four-coordinate, square-planar 
coordination, and (iv) a macrocyclic hole size of ~ 2 A.
The effect this 14-membered macrocyclic ring has on the coordination chemistry of 
these ligands is also best represented in taaH2. (i) Upon metal complexation the ligand 
deprotonates to give the dianion (taa, Figure 2.12). (ii) The taa anion contains a 
completely conjugated system of double bonds; however, the two negative charges 
tend to be h> the two propane-1,3-diiminato chelate rings, (iii) The taa
anion forms neutral complexes with M2+ transition metal ions.
Figure 2.12 Dibenzo[#,/][l,4,8,1 ljtetraazacyclotetradecme dianion (taa)
It is useful to draw comparisons between the TAAs and the better studied porphyrins 
and phthaiocyanines (Table 2.5). In general, the macrocyclic ring of the 14-membered 
TAAs is considerably smaller than that of the 16-membered porphyrins and 
nonconjugated 14-membered N4 macrocycles such as cyclam. It is, however, very 
similar to that found in the 16-membered phthaiocyanines. Both the porphyrin and 
phthalocyanine rings are aromatic where as the TAAs are antiaromatic.
Table 2.5 Some Properties of 14-Membered N4 Macrocyclic Ligands
Type of 
macrocycle
Example Ring
size
Donor
pattern
Donor
Set
Number of n 
electrons in 
ring
Aromatic
?
Hole
Size(DH)/A
TAA tmtaaH2 14 5656 n 4 16 N 1.90
POR porH2 16 6666 n 4 18 Y 2.05
PC pcH2 16 6666 n 4 18 Y 1,92
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2.3.1.3 Synthesis
As with most four atom donor macrocyclic ligands, the synthesis of TAAs is often 
from condensation reactions between amines and carbonyl compounds. These 
reactions often proceed under conditions of moderate dilution to give products at 
reasonably high (40 - 60 %) yield. This is believed to be because of intramolecular 
hydrogen bonding (NH....N) in the reaction intermediate reducing electronic repulsions 
in the macrocyclic ring and favouring ring closure. Hydrogen bonds of this type have 
been likened to a metal cation both aiding formation of the ring and stabilising it once 
formed. Metal complexes have also been prepared, usually in higher yield, by 
conventional template reactions.
The amines used are ophenylenediamine or substituted ophenylenediamines and the 
source of the 1,3-propanediimine ring has been propynal, acetals, P-dialdehydes, (3- 
diketones, P-alkoxyacraldehydes, (3-dialkylaminoacraldehydes, P-chloroacraldehydes 
or even 1,2-dithiolium salts. The ligands are discussed below according to their 
structure and method of synthesis, and have been grouped in four classes; i.e. those 
based on taaH2, tmtaaH2, dptaaH2 and miscellaneous TAAs.
2.3.2 Ligands Based on TaaH2
2.3.2.1 Synthesis
The ligand taaH2 was first prepared by Hiller et a l6* in 1968 by the reaction of 
propynal with o-phenylenediamine. Complexes of nickel(II), cobalt(II) and copper(II) 
were prepared by reaction of the ligand and the corresponding metal acetate in DMF, 
or by template reaction of the metal acetate, propynal and ophenylenediamine in 
alcohol or DMF. Later (1978) Honeybourne and Burchill69 published the improved 
synthesis of Cotaa using a similar method and insertion reactions have also been used 
to prepare oxovanadium(IV), and palladium(II) complexes.70
A second route to metal complexes of taaH2 is from template reaction of acetals. For 
example, refluxing an aqueous or alcoholic solution of metal salt, o-phenylenediamine 
and 1,1,3,3-tetramethoxypropane results in the metal-taa. The method has been used to
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prepare Cutaa71 from copper chloride and sufficient 2 M HC1 for the hydrolysis of the 
methoxy compound, Nitaa72 from nickel(II) acetate, Pttaa from potassium 
tetrachloroplatinum(II), and Pdtaa from palladium(II) acetate.73 The acetal has also 
been used to synthesise metal complexes of taaH2 by a number of less convenient 
methods. Cutler and Dolphin first reported the synthesis of Nitaa from the 1,5- 
benzodiazepinium salt (Figure 2.13 A) and from the partly cyclised intermediate (Figure 
2.13B), both of which can be prepared from 1,1,3,3-tetramethoxypropane.
A B
Figure 2.13 Addition products of 1,1,3,3-tetramethoxypropane and o-phenylenediamine
These authors have since prepared many symmetrical and asymmetrical nickel 
complexes74 and have suggested a general mechanism for the metal template 
condensation reaction between acetals or (3-diketones and o-phenylenediamine.75 There 
is no record of taaH2 being prepared by non-template condensations with 1,1,3,3- 
tetramethoxypropane. The ligand taaH2 has poor solubility in most common organic 
solvents although it can be recrystallised from boiling DMF and its 5H NMR recorded 
in ok-DMSO. Metal complexes are less soluble and only limited NMR data are 
available.
The synthesis of metal complexes of 7,16-(Br)2taaH2 from the reaction of 2- 
bromomalondialdehyde and //5(o-phenylenediamine)metal(II) diacetates has been 
reported by Honeybourne.76 Later, the free ligand was prepared by direct reaction of 
the malondialdehyde and the diamine.77 The bromine is reported to be labile and can be 
substituted with nucleophiles of the type OR". Substituted malondialdehydes have also 
been used to introduce azophenyl and pyridine groups onto the bridge-head position of 
taaH2 and, in the form of the sodium salt, to prepare 7,16-(N02)2taaH2.
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A range of ligands of the type 7,16-(R)2taaH2, where R is an alkyl group, has been 
prepared by direct reaction of the a-alkyl-(3-alkoxyacraldehyde and o- 
phenylenediamine, and their metal complexes made by insertion.78,79 The alkyl group 
substantially improves the solubility of the ligand allowing NMR study of both ligand 
and metal complexes. Attempts to prepare the ligand with R = Me were hampered by 
the formation of what is probably a partly cyclised intermediate.80
As well as the known 7,16-substituted derivatives (Table 2.6), taaH2 has derivatives 
with substituents in other positions. Substituted ophenylenediamines have been used 
to prepare a series Ni-2,ll(12)-(R)2taa (R = Me, OMe, Cl, F, C02Me) and Ni- 
2,3,11,12-(R)4taa (R = Me) complexes from template reaction with 1,1,3,3- 
tetramethoxypropane and nickel(II) acetate.73 Whereas the presence of alkyl groups is 
reported to increase the yield, all attempts to prepare ligands from nitro-substituted o  
phenylenediamines failed, with the isolation of only partly cyclised products. The 
ligands 2,3,11,12-(Me)4taaH281 and 2,3,7,1 l,12,16-(Me)6taaH282 have been prepared 
by direct reaction of propynal and a-methyl-[3-ethoxyacraldehyde with 4,5-dimethyl- 
1,2-phenylenediamine and the cobalt(II) and nickel(II) complexes prepared by 
insertion. Although (3-chloroacraldehydes are not popular starting materials, 2,3- 
dimethyl-3-chloroacraldehyde has been used to prepare the nickel(H) complex of 
7,8,15,16(Me)4taaH2by template reaction.83
C D £
Figure 2.14 Substituted TAA and starting materials listed in Table 2.6
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Table 2.6 Bridge-Head Substituted Derivatives of TaaH2
Ri M Starting Method of Ref.
material for 1,3- metal complex
propanediimine ring synthesis*
H h 2 A 68,69,84*
H Ni(II) A U 68,70,85*
H Co(II) A I,T 68,69
H Cu(II) A I,T 68,70
H Pd(ll) A I 70
H V(IV)0 A I 70
H Cu(II) B T 71
H Ni(II) B T 72
H Pt(II) B T 73
H Pd(II) B T 73
Br h 2 C 77,86
Br Co(II) C T 76
Br Ni(II) C T 76
Br Cu(II) C T 76
n o 2 h 2 D 49,87
n o 2 Co(II) D I 49,87
n o 2 Ni(II) D I 49,88
n o 2 Cu(II) D I 49
irK"i
h 2 C 49
V1
h 2 C 49,88
TN
1N
cc Co(II) c I 49,88
cc Ni(II) c I 49,88
cc Cu(II) c I 49
Me h 2 E 78,80,82t
Me Ni(II) E I 80
Me Co(II) E I 80
Et h 2 E 78
Et Ni(II) E I 79
Et Fe(III) E I 79
nPr h 2 E 78
nBu h 2 E 78
nPent H2 E 78
* I = Insertion, T = Template reaction. Crystal structure determination.
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23.2.2 Structure
The structure of taaH284 was determined from a sample purified by vacuum sublimation 
at 250 °C. The structure is essentially planar with the largest displacement from the 
mean molecular plane being 0.06 A. The N-N distances were not quoted, although the 
macrocyclic hole size (2.15 A) referred to elsewhere82 seems a little large compared to 
that of tmtaaH2 (1.910 A) and 7,16-(Me)2taaH2 (1.92 A). The average bond lengths of 
the macrocyclic ring have been calculated on a fixed structure of the 1,3- 
propanediimine bridges (Table 2.7). There is, however, a considerable amount of 
delocalisation within the 1,3-propanediimine bridges as the apparent C=C and C-C 
bond lengths are similar and close to those in benzene, and the C=N and C-N bond 
lengths are similar. The C-N bonds between the 1,3-propanediimine bridges and 
benzenoid rings are nominally single, indicating essentially separate aromatic systems. 
Although there is some degree of delocalisation, it should be noted that the three 
methine protons of the 1,3-propanediimine bridge in taaH2 show distinct signals in the 
lH NMR spectrum indicating three separate proton environments.
The crystal structure of 7,16-(Me)2taaH2 has also been solved82 and shows a planar 
structure, a macrocyclic hole size of (Rh) of 1.92 A, and a similar conjugation pattern 
as taaH2. The mechanism of proton transfer in the ligand has been studied by Limbach 
et al. using lsN-CPMAS-NMR spectroscopy89,90 of the crystalline solid. The spectrum 
(122 - 287 °K) shows two peaks suggesting the presence of two tautomers, and a one 
step concerted interchange mechanism between the two has been suggested (Figure 
2.15). The two states are however non-degenerate and exist in a 4:1 ratio at room 
temperature.
o fto  -  c c c o
Figure 2.15 Tautomeric states of 7,16-(Me)2taaH2
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Crystals of Nitaa, suitable for X-ray analysis were grown by vacuum sublimation. The 
complex is planar (Figure 2.16) and has separate benzene and six-membered 1,3- 
prop anediiminato chelate rings. All of the chemically equivalent bonds in the complex 
are the same length and both the separate ring systems can be considered fully 
conjugated. The average Ni-N bond length (1,870 A) is shorter than the hole size ( R h )  
of the ligand, due to the increase in conjugation of the dianionic form of the ligand. It 
is also shorter than many Ni-N distances in porphyrins and other saturated 14- 
membered N4 ligands.
2.3.3 Ligands Based on TmtaaH2
2.3.3.1 Synthesis
Of the TAA ligands known, those based on 6,8,15,17-tetramethyl-5,14- 
dihydrodibenzo[b,i] [1,4,8, ll]tetraazacyclotetradecine (tmtaaH2) have received the 
most attention, largely due to their ease of preparation and increased solubility over the 
other TAAs. The metal complexes of tmtaaH2 were among the first complexes 
prepared91 and severe conditions of template reaction with 2,4-pentanedione and 
molten ophenylenediamine were used. A modified synthesis of Nitmtaa, since reported 
by Goedken and co-workers,92,93 involves refluxing a solution of 2,4-pentanedione, o- 
phenylenediamine and nickel(II) acetate tetrahydrate in methanol, and uses a long 
reflux time (48 hours) for complete ring closure. The preferred synthesis of the free 
ligand, tmtaaH2, is from de-metalation of the nickel complex by a three step process 
(Scheme 2.2). The first step involves isolation of the acid salt of the ligand as the 
tetrachloronickelate(II) salt. The second step involves converting this salt to a different 
one, not containing nickel, and the final step is its neutralisation. Neutralisation after 
the first step results in reinsertion of nickel(II) into the macrocyclic ligand.
P H OH
1 Nitmtaa + 4HC1  — -----► [tmtaaHJ [NiCl„]
2 [tmtaaHJ [NiCU] + 2NH.PFC • — ---- *■ [tmtaaH4][PF6]2
C H OH
3 [tmtaaH4][PF6]2 + 2N(C2H5)3  —  ► tmtaaH2 + 2HN(C2H5)3
Scheme 2.2 De-metalation of Nitmtaa
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o=K>K>“E<>
Figure 2.16 A molecular model 
representation of a molecule of Nitaa
Figure 2.17 Molecular structure of tmlaaH2 
showing ‘saddle shape’
Figure 2.18 The molecular structure of five Figure 2.19 Molecular structure of Nitmtaa
coordinate FetmtaaCl
Figure 2.20 Sideway representation of a 
molecule of dptaaH2
Figure 2.21 Sideway representation of a 
molecule of Codptaa
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This method has been used extensively to prepare the free ligand and, by insertion, to 
prepare many other complexes of tmtaaH2 not obtainable from direct metal template 
methods. The synthesis of early transition metal complexes, not available by direct 
insertion, is possible from the activated form of the ligand, tmtaaLi2, which is readily 
obtainable from the action of BuLi on tmtaaH2 at -10 °C in THF. These methods and 
others have been used to prepare at least 75 mononuclear and 6 dinuclear complexes 
of tmtaaH2.94
The many derivatives of tmtaaH2 (Figure 2.22) have substituents either on the benzene 
rings or at the bridge-head positions. Compounds in the first group are prepared as 
nickel(II) complexes from substituted o-phenylenediamines and again many free 
ligands and other metal complexes have been prepared through de-metalation. The 
latter group results from electrophilic substitution reactions at the methine carbon of 
either tmtaaH2 or Nitmtaa. For example, Nitmtaa has been reacted with N- 
halosuccinimides, aryl acid chlorides and strong alkylating agents to yield halo-ketone- 
and alkyl-substituted derivatives. Although tmtaaH2 reacts with certain aryl acid 
chlorides and diazonium salts, electrophilic substitution is not as readily achieved as for 
the nickel(II) complex.
R -i,4  — O C 2H 5 ; R2;3 — H
Ri,4 = COC5H5 ; R2,3 = H 
Ri,4 ~ CH3; R2;3 = H
Rl,2 = COCH3 
Ri = CO/?C6H4N02; R2 = H 
Ri,R2 = COC6H5 
Ri,R2 = COpC6H4N 2C6H5 
R1}R2 = Cl, Br, I 
R1,R2 = N ^C 6H4N0 2 
R1,R2 = N 2^ C6H4OCH3 
R^R^N^CeHtCl
Figure 2.22 Some derivatives of tmtaaH2 shown as free ligands, 
but many only isolated as the Ni(II) complex
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2.3.3.2 Structure
The crystal structure of tmtaaH295 has been solved and the ligand shows marked 
deviation from planarity, with interactions between methyl groups and the benzenoid 
rings causing a pronounced saddle-shaped conformation (Figure 2.17). Apart from this 
bending, the 14-membered macrocyclic ring is similar to that of taaH2 and other planar 
TAAs with a comparable hole size (1.910 A) and conjugation pattern.
The mechanism of proton transfer of the ligand96,97 has been studied. Four peaks were 
present in the 15N-CPMAS-NMR spectrum at 288 °K which coalesced to two peaks at 
100 °K. This indicates that proton transfer is via a different mechanism from that 
suggested for the planar TAAs and involves four tautomeric states (Figure 2.23), as 
opposed to the two suggested for planar ligands (Figure 2.15). This feature is believed 
to be a direct consequence of the saddle-shaped structure of tmtaaH2 which is believed 
to stabilise the additional tautomeric states.
N. ,N H*
N 'N
N N ’• H
.HnN N
I
N. ,N 
* II
N N
I
Figure 2.23 Tautomerism of tmtaaH2
Although with a similar hole size and inner macrocyclic structure, tmtaaH2 has a 
coordination chemistry significantly different than that of taaH2. The saddle-shaped 
structure of the ligand tends to force coordinated metals out of the N4 plane, an effect 
that is particularly marked with larger transition metal ions. The two remaining 
coordination sites of Mtmtaa therefore become inequivalent and the formation of five- 
coordinate complexes with axial ligands is favoured. This effect is demonstrated in the
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M(III) complexes Cotmtaal and FetmtaaCl (Figure 2.18), the structures of which have 
been reported.98 This distortion also favours the formation of dinuclear complexes 
joined by M-M bonds, as can be seen in Cr2(tmtaa)2 and Mo2(tmtaa)2 which have M-M 
bond lengths of 2.11 A and 2.175 A  respectivley.99
The structure of Nitmtaa100 has been determined and is in many ways similar to that of 
the free ligand (Figure 2.19). It shows a mean displacement of the metal ion from the 
N4 plane of 0.02 A, which is small compared to that of CrtmtaaCl (0.435 A) or 
ZrtmtaaCl2 (1.070 A). As expected, the average Ni-N bond length (1.866 A) is smaller 
than the hole size (Rh) of the ligand (1.910 A) but is very similar to that of Nitaa 
(1.870 A).
2.3.4 Ligands Based on DptaaH2
2.3.4.1 Synthesis
The first report of a TAA with phenyl substituents in the bridge-head positions was 
from the reaction of 4-phenyl- 1,2-dithiolium hydrogen sulphate and o- 
phenylenediamine in 1,2-dichloroethane.101 The method, also used to prepare tolyl- 
substituted (p-Me)2dptaaH2, involves starting materials that are hard to prepare and 
results in a low yield of product. A preferred synthesis102 of dptaaH2 is from the 
reaction of a-phenyl-P-dimethylaminoacraldehyde with o-phenylenediamine in DMF. 
The synthesis of numerous derivatives, prepared from both substituted o- 
phenylenediamines and a-phenyl-P-dimethylaminoacraldehydes is also suggested along 
with their synthesis from a-phenyl-p-alkoxyacraldehydes, the only convenient synthesis 
of which is from the hydrolysis of the corresponding a-phenyl-p- 
dimethylaminoacraldehyde. Cobalt complexes of all the ligands were prepared by either 
template reaction or insertion and were patented for potential use as oxygen reduction 
catalysts. Apart from this study and the work done in this Department there are few 
reports of ligands based on dptaaH2. Those that have substituents in the /?<2ra-position 
are listed in Table 2.8.
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Me Me 
O O OEt
II I H J
R1 R1
B  C
Figure 2.24 Substituted TAA and starling materials listed in Table 2.8
T a b l e  2 . 8  / / - S u b s t i t u t e d  D e r i v a t i v e s  o f  D p t a a H 2
R i M Starting 
material for 1,3- 
propanediimine ring
Method of 
metal complex 
synthesis*
Ref.
H h 2 A 1 0 1 , 1 0 3
M e h 2 A 1 0 1 , 1 0 3
H h 2 B , C 1 0 2 , 1 0 4 *
H C o ( I I ) B I 1 0 4 *
H C r ( I I ) B I 1 0 4
H F e ( I I ) B I 1 0 5
M e h 2 B 1 0 4 , 1 0 5
M e C o ( I I ) B , C I J 1 0 4 , 1 0 5
O M e h 2 B , C 1 0 4 , 1 0 5
O M e C o ( I I ) B , C I , T 1 0 4 , 1 0 5
n o 2 h 2 B , C 1 0 4 , 2 4
n o 2 C o ( I I ) B , C I , T 1 0 4 , 2 4
C l h 2 C 1 0 4
C l C o ( I I ) C I 1 0 4
B r h 2 B , C 1 0 4 , 1 0 5
B r C o ( I I ) B I , T 1 0 4 , 1 0 5
F h 2 B 1 0 6
F C o ( I I ) B I 1 0 6
F N i ( I I ) B I 1 0 6
C N h 2 C 1 0 4
C N C o C I , T 1 0 4
C O O H
*
h 2 C 1 0 4
i*I = Insertion, T = Template reaction. Crystal structure determination.
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2.3.4.2 Structure
The crystal structure of dptaaH2 shows104 that the four nitrogen atoms of the inner 
macrocyclic ring are essentially planar with the two benzenoid rings lifted only slightly 
out of plane. The two phenyl substituents are rotated at 30° and 38° in opposite 
directions (Figure 2.20). The hole size (1.913 A) is only slightly larger than that of 
tmtaaH2 (1.910 A) and the delocalisation pattern and degree of delocalisation in the 3- 
membered bridge is similar to that of tmtaaH2 and taaH2 (Table2.7). The structure of 
Codptaa, reported at the same time, shows that the complex has an average Co-N 
distance similar to the average Ni-N distance in Nitaa and Nitmtaa with the cobalt 
sitting at the centre of the plane. The overall structure (Figure 2.21) is very similar to 
that of the free ligand.
2.3.5 Miscellaneous TAAs
There are a number of ligands which, although they can be considered as derivatives of 
the TAAs, have not been covered by the types of synthesis covered so far. Firstly there 
are the group of Jager-type ligands where two of the nitrogen bridges come from o- 
phenylenediamine as opposed to ethylenediamine or 1,3-propanediamine. This type of 
template synthesis has been used to prepare nickel(II) derivatives of taaH2 with acetyl, 
benzoyl and ethoxycarbonyl groups at the bridge-head position.91,107
As well as tmtaaH2 other 6,8,15,17-substituted derivatives have been prepared. 
6,8,15,17-Tetraphenyl-5,14-dihydrodibenzo[6,/][l ,4,8,11 ]tetraazacyclotetradecine was 
isolated as its nickel(II) complex from the reaction of 1,3 -diphenyl-1,3 -propanedione, 
o-phenylenediamine and Ni(II) acetate (5 % yield).108 The structure of the free ligand, 
prepared by de-metalation, shows severe steric crowding responsible for the low yield 
of the Ni(II) complex and isolation of only partly cyclised products under certain 
conditions.109 The 6,8,15,17-tetraethyl and 6,8,15,17-tetrapropyl ligands110 have been 
prepared as their Ni(II) complexes from template reaction of the respective [3- 
diketones, and unsymmetrical 6,8,15,17-substituted ligands have also been reported, 
for example, by the template reaction of 1-benzoylacetone.111
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3.1 Introduction
A number of known TAAs and their nickel(II) and cobalt(II) complexes were prepared 
by literature methods to gain initial synthetic experience and for use as starting 
materials for further reactions. The ligands and complexes were microanalysed and IR, 
NM R (LH and l3C) and UV spectra recorded where appropriate.
Microanalytical results were determined on a Leeman Laboratories 440 elemental 
analyser, IR spectra (4000 - 400 cm'1) were recorded on a Perkin-Elmer System 2000 
machine with samples prepared as KBr discs. UV spectra were recorded on a Perkin- 
Elmer PU 8740 UV/VIS scanning spectrophotometer. NMR spectra ( lH and 13C) were 
recorded on a Bruker AC300 machine operating at approximately 300 MHz for proton 
spectra and 75 MHz for carbon, with shifts quoted against a tetramethylsilane internal 
standard.
3.2 5,14-Bifay drodibenzo[b,i] [1,4,8,11]tetraazacyclotetradecine and 
its C oba lt (II) and N icke l(II) Complexes: T a a H 2, Cotaa and 
Nitaa
3.2.1 Synthesis
3.2.1.1 Foreword
The synthesis of taaH2 by the addition of propynal to o-phenylenediamine in 
methanol/DMF (Scheme 3.2) followed the published method.69 Propynal is unstable 
and must be prepared by oxidation of propargyl alcohol (Scheme 3.1).112 The 
cobalt(II) and nickel(II) complexes were prepared in DMF by insertion69,68 (Scheme
3.3).
3.2.1.2 Synthesis o f Propynal
O
H
Scheme 3.1 Synthesis of propynal
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Caution: P  ropy rial is a lachrymator.
A one litre, three-necked, round bottom flask was fitted with a 100 cm3 pressure- 
equalised dropping funnel (drawn out to a capillary tip), a fine capillary for introducing 
nitrogen near the bottom of the flask, a thermometer and an outlet tube attached to 
three in-line traps and a water pump. The flask was equipped for stirring with a high 
torque magnetic stirrer and a large magnetic stirring flea. To the flask was added 33 % 
by volume propargyl alcohol (120 cm3, 0.6 mol) and a cooled solution of concentrated 
H2S04 (45 cm3) in water (66 cm3). The flask was then cooled in an ice/salt bath. While 
the flask was cooling the first trap was cooled to -15 °C with acetone/dry ice and the 
second two traps to -78 °C, also with acetone/dry ice. The pressure in the system was 
reduced, nitrogen was introduced through the capillary and the solution was stirred 
vigorously. A solution of chromium trioxide (70 g) in water (130 cm3) and H2SO4 (45 
cm3) was added dropwise while maintaining the reaction temperature below 10 °C. 
After the addition, the ice from around the reaction flask was removed, the water 
pump was turned on full and the flask was allowed to warm up to room temperature.
After two hours the contents of the traps were isolated and were stored in a -70 °C 
freezer overnight. The first trap contained a frozen yellow liquid while the second two 
traps contained smaller amounts of a yellow liquid. The first trap contained a large 
amount of water and so the contents were thawed and enough salt added to separate 
the aqueous layer. The organic layer was then removed using a separating funnel and 
was combined with the contents of the second two traps. The whole was dried over 
magnesium sulphate in a -70 °C freezer overnight. The solution was then filtered to 
give a straw coloured product (3.344 g, 11 %).
3.2.1.3 Synthesis of TaaH2
H
2
Scheme 3.2 Synthesis of taaH2
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A solution of o-phenylenediamine (6.375 g, 0.06 mol) in DMF (8 cm') was placed in a 
25 cm3 round bottom flask fitted with condenser, thermometer and dropping tunnel 
drawn out into a fine capillary. The flask was cooled in an ice/water/salt bath. Propynal 
(3.177 g, 0,06 mol) was diluted cautiously with methanol (3 cm3) and the solution 
added very slowly to the diamine solution, maintaining the temperature below 10 °C. 
The addition took one hour, after which the ice bath was removed and the reaction 
mixture heated slowly to boiling, and refluxed gently for two hours. The solution was 
left to cool to room temperature and was filtered at the pump to yield a dark red- 
brown microcrystalline product (0.814 g, 9.4 %) which was washed with chilled 
methanol (20 cm3) and dried at the pump.
Analytical: Calculated for Ci8Hi6N4:
Found :
C, 74.98 ;H, 5.59 ; N, 19.43% 
C, 74.00 ; H, 5.48; N, 19.03%
3.2.1.4 Synthesis of Cotaa
Co(OAc)2.4H20
DMF
+ 2AcOH + 4^0
Scheme 3.3 Synthesis of Cotaa
To a 25 cm3 round bottom flask fitted with a thermometer was added cobalt(II) acetate 
tetrahydrate (0.593 g, 2.38 mmol) and DMF (8 cm3). The contents were warmed 
gently to give a purple solution and a stirred slurry of taaH2 (0.577 g, 2 mmol) in hot 
DMF (5 cm3) was added. The resulting red-brown reaction mixture was heated under 
reflux for thirty minutes and left to cool to room temperature. After cooling overnight 
the solution was filtered to give the dark purple Cotaa (0.381 g, 55 %) which was 
washed with chilled methanol (10 cm3) and dried at the pump. The product was further 
dried over P2O5 in a vacuum pistol at 80 °C overnight.
Analytical: Calculated for C18H14N 4C0 :
Found :
C, 62.62 ; H, 4.08 ; N, 16.23% 
C, 62.45 ; H, 4.42 ; N, 16.05%
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3.2.1.5 Synthesis of Nitaa
To a 25 cm3 round bottom flask was added nickel(II) acetate tetrahydrate (0.296 g, 1.2
mmol) and DMF (8 cm3), and the flask was warmed gently to give a blue-green
solution. To this was added a stirred slurry of taaH2 (0.288 g, 1.0 mmol) in hot DMP
(5 cm3) and the reaction mixture heated under reflux for thirty minutes. The solution
was cooled to room temperature and the brick-red precipitate (0.263 g, 92 %) was
filtered off, washed with chilled methanol and dried in the same way as Cotaa.
Analytical: Calculated for Ci8Hi4N4N i: C, 62,66 ; H, 4.09 ; N, 16.24 %
Found: C, 61.85 ; H, 4.02 ; N, 16.06 %
3.2.2 Results and Discussion
3.2.2.1 Pt'opynal
(i) IR Spectroscopy. The IR spectra of both propargyl alcohol and propynal were 
recorded as thin films between KBr disks (Table 3.1). Both show distinctive acetylenic 
group absorptions (2100 - 2121 cm'1) and on oxidation the OH absorptions of the 
primary alcohol (3339 cm"1) are replaced by the C=0 absorption of the aldehyde (1723 
cm'1). Because of the instability of the product no further analysis was attempted.
Table 3.1 IR Absorptions for Propargyl Alcohol and Propynal
Propargyl alcohol 
v.nax/cm'1
Assignment Propynal
V m ax/ Cm
Assignment
3339s OH stretch
3294m =C-H stretch 3284m =C-II stretch
2121m O C  stretch 2099m O C  Stretch
1029s C-0 stretch 1723 s C=0 stretch
3.2.2.2 TaaH2, Cotaa and Nitaa
(i) IR Spectroscopy. The IR spectra of the ligand and its cobalt(II) and nickel(II) 
complexes were recorded as KBr discs (Table 3.2). The metal-free macrocycle shows a 
weak band at 3200 cm'1 associated with N-H stretching. A similar band is seen in 
metal-free porphyrins and disappears upon complex formation. The strong band 
observed in the 1620 cm'1 region, attributed to O N  stretching, is near that for an
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unconjugated C=N stretch (1640 - 1690 cm’1) and is at higher frequency than the C ~ C 
of the aromatic rings and the macrocyclic C ~ C stretch.
The spectrum of the nickel(II) complex is significantly different from that of the metal- 
free ligand. Absorptions above 1500 cm’1 are weak and are attributed to aromatic C ~ C 
skeletal vibrations of the benzene rings, present in the ligand but masked by the 
stronger C~N and C~C macrocyclic vibrations. The frequencies of the macrocyclic 
C~C and C~N stretches (1475 cm'1, 1460 cm'1) are similar but considerably lower 
than those in the metal-free ligand. These effects are consistent with the increase in 
conjugation of the macrocyclic ring on formation of dianionic taa in the square planar 
nickel(II) complex. The spectrum of the cobalt(II) complex is in many ways similar to 
that of the nickel(II) complex with similar assignments for C - N and C ~ C macrocyclic 
vibrations (1466 cm’1, 1449 cm'1).
Table 3.2 IR Data for TaaH2, Cotaa and Nitaa
Assignment taaH2 
vmax/ cm"1
Cotaa
Vmax/Cm’1
Nitaa
Vmax/ Cm
N-H str. 3200w - -
C~ N str. (macro.) 1626s - -
O  C str. (macro.) 1548s - -
C~C str. (arom.skel.) 1593w 1592m 1591w
1548m 1575w
1530w
C~N,C~C str. (macro,skel.) - 1466m 1475s
1449m 1460s
C-N str. 1297s 1324m 1329s
C-H def. 780m 779m 756m
C-H def. 737m 736m 741m
(ii) UV Spectroscopy. The UV spectra were recorded in DMF (~ 5x10'5 M) in the
range 300 - 600 nm and extinction coefficients calculated (Table 3.3). Absorptions in 
this region are reasonably attributed to tc—>tc* transitions within a ligand molecule or 
to charge transfer transitions from metal to ligand. Assignment for the metal-free 
ligand attributes the extremely intense absorption band in the 350-370 nm region to the
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B-type (Soret-type) band, B(0,0) and the band at slightly higher energy to the B(1,0) 
band. The pair of weaker bands at 418 and 437 nm are the associated Q-type bands 
Q(1,0) and Q(0,0) respectively (sometimes called p and a bands). These general 
features are similar to those observed for metalloporphyrins, not for those of 
symmetrical free-base porphyrins where the Q bands are split (Qx and Qy sometimes 
called I,II,III and IV) to give four absorptions. The B-type and Q-type bands are at 
higher energy than for porphyrins. For example, tppH2 in benzene has a Soret band at 
419 nm and the IV, III, II, I bands at 515, 548, 592, and 647 nm.
Upon nickel coordination there is no change in the number of B- and Q-type bands. 
The B-type bands (425 nm) are shifted to lower energy by about 60 nm and similar 
shifts (45 nm, 65nm) are noted in the Q-type bands (464 nm, 502 nm). These shifts are 
large compared to those of porphyrins whose energy is typically reduced by 10 - 20 nm 
on coordination. Also present in the spectrum of the nickel(II) complex are M bands 
(307.2 nm), L bands (359.0 nm), and N bands as a shoulder on the Soret band.70
No significant change in the UV spectrum of taaH2 is seen after coordination of 
cobalt(II). The Soret band, B(0,0) is shifted only very slightly (0.2 nm) to lower 
wavelength and the B(1,0) becomes a shoulder on this band. A slightly larger shift (1 
nm) is seen in the Q bands, with the Q(0,0) band decreasing in intensity to become a 
shoulder on the Q(1,0) band.
Table 3.3 UV Data for TaaH2, Cotaa and Nitaa
taaH2 Cotaa Nitaa
Assignment La/nra 10'5e/ /W/nm 10'5e/ A,max/nm 10'5e/
M 'W 1 M 'W 1 M 'W 1
M 307,2 1.2
L 359.0 0.5
B(1,0) 355.5 3.9 350.0 (sh) 3.8 403.6 2.2
Soret B(0,0) 367.9 5.3 367.7 5.0 425.3 4.2
370.4 (sh) 4.4 369.6 4.2
(P) Q(i,o) 417.8 2.0 416.6 3.6 464.3 0.5
(a) Q(0,0) 437.0 1.8 430.0 (sh) 1.6 501.6 0.5
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(Hi) 1H  NMR Spectroscopy. The lH NMR spectra of the metal-free ligand and its 
nickel complex were recorded in rA-DMSO (Table 3.4). No attempt was made to 
record the spectrum of the cobalt complex due to the paramagnetic nature of 
cobalt(II). The spectrum of the ligand (protons labelled as in Figure 3.1) shows a 
triplet at low field (13.66 ppm) from the two amine protons, Hi, split because of 
coupling with the nitrogen nucleus (1=1). H2 and H4 appear as a triplet (7.67 ppm) due 
to the overlap of two doublets from coupling with H3. H3 (5.05 ppm) is also a triplet 
due to coupling with H2 and H4. This result is slightly different from that recorded in 
the literature70 where H2 and H4 were observed as a quintet. This is the result of an 
overlap of a doublet from Hj, due to coupling with H3, and a triplet from H2, due to 
coupling with both Hi and H3. The spectrum of the nickel(II) complex shows that Hi is 
absent and that H2 and H4 have become equivalent and appear as a symmetrical 
doublet (7.94 ppm).
Figure 3.1 Proton assignments for taaH2
T a b l e  3 . 4  NMR Data for TaaH2 and Nitaa
Assignment taaH2
bn/ppm
Nitaa
5H/ppm
NH Hi 13.66, t, 2H
C-CH-N h 2,hu 7.67, t, 4H 7.94, d, 4H
Aromatic 7.25, m, 4H 7.59, m, 4H
Aromatic 6.91, m, 4H 6.88, m, 4H
C-CH-C h 3 5.05, t, 2H 5.48, t, 2H
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(iv) Discussion. The syntheses of the ligand and the cobalt(II) and nickel(II) 
complexes were successful and produced good analytical and spectroscopic results. If 
further purification is required both the ligand and the metal complexes may be 
sublimed between 250 and 300 °C. Metalation appears to proceed readily with 
complete insertion of both cobalt(II) and nickel(II) in only half an hour in DMF, which 
is probably aided by the good solubility of the ligand in the refluxing solvent. 
Metalation with nickel(II) may be conveniently followed by monitoring the shift in the 
intense Soret band (368 nm) in the UV spectrum. This is, however, inappropriate for 
the cobalt(II) complex as only a slight change in the spectrum occurs. The reason for 
the lH NMR of taaH2 differing from that previously recorded is difficult to account for.
3 . 3  3 , 7 , 1 2 , 1 6 - t e t r a m e t h y l ~ 5 , 1 4 ~ d i h y d r o d i b e n z o [ b ? i ] [ l , 4 , 8 , l l ] -
tetraazacyclotetradecine: 3,7,12,16-(Me)4taaH2
3 . 3 . 1  S y n t h e s i s
3.3.1.1 Foreword
The readily available cc-methyl-P-ethoxyacraldehyde reacts with o-phenylenediamine to 
give 7,16-(Me)2taaH2 and 4,5-dimethyl-1,2-phenylenediamine to give 2,3,7,11,12,16- 
(Me)6taaH2. The crystal structures of these macrocycles have been reported. Reaction 
of the acraldehyde with 4-methyl-1,2-phenylenediamine results in 3,7,12,16- 
(Me)4taaH2 and the crystal structure, determined here, shows a trans-arrangement of 
the methyl groups on the benzene rings (Scheme 3.4).
2
CR
Scheme 3.4 Synthesis of 3,7,12,16-(Me)4taaH2
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3.3.1.2 Synthesis of 3,7,12,16-(Me)4taaH2
A solution of a-methyl-(3-ethoxyacraldehyde (1.776 g, 0.015 mol) and 4-methyl-l,2- 
phenylenediamine (1.901 g, 0.015 mol) in quinoline (15 cm3) was refluxed for 5 hours 
and the dark solution left to cool in the oil bath overnight. The solution was filtered to 
yield large dark red crystals of 3,7,12,16-(Me)4taaH2 and a small quantity of a yellow 
powder which was separated from the crystals by repeated decanting with methanol. 
The crystals were washed with methanol and air dried (0.49 g, 18.3 %).
A n a l y t i c a l : Calculated for Ci8H24N4 : C, 76.71 ; H, 7.02 ; N, 16.26 %
Found : C, 77.67 ; H, 7.00 ; N, 16.02 %
3 . 3 . 2  R e s u l t s  a n d  D i s c u s s i o n
3.3.2.1 3,7,12,16-(Me)4aaH2
I R  ( K B r  d i s c ) ,  Vmax/cm'1: 3300w (N-H stretch), 1623s (C~N stretch), 1594m (C~C 
aromatic stretch), 1520s (C~ C macrocyclic stretch)/290m (C-N stretch)
‘H NMR (CDCb), SH/pprn: 13.50 (t, 2H, NH), 7.97 (s, 1H, CH macrocyclic), 7.77 (q, 
2H, CH macrocyclic), 7.75 (d, 1H, CH macrocyclic), 7.12-6.66 (m, 6H, CH aromatic). 
2.19 (d, 6H, CH3), 1.92 (t, 6H, CH3)
3.3.2.2 Crystal Structure of 3,7,12,16-(Me)4taaH2
(i) Crystal Structure Determination . A lath-like crystal of approximate dimensions 0.3 
x 0.17 x 0.02 mm was mounted on an Enraf-Nonius CAD4 diffractometer and its unit 
cell derived from 25 centred reflections in the angular range 7° - 11°. Intensity data 
were collected in the 9 range 1° - 24° using the co/20 scan method with an angular 
speed of 3.3° per minute (a standard reflection was monitored at hourly intervals). In 
all there were 1619 reflections and after data reduction only 605 had I > 3g(I).
(ii) Crystal Data. C22H24N4, Mr = 316.41, monoclinic, space group P2i/c, a = 
8.214(2), b=  17.465(12), c = 6.853(4) A, (3 = 111.85(3)°, V = 912.5(1.4) A3, Z = 2, 
Dc = 1.087 g cm"3, absorption coefficient Mo-Ka = 0.66 cm'1, F(000) = 336, Mo(Ka) 
= 0.71073 A
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(iii) Structure Solution and Refinement. After the usual Lorentz-polarisation 
correction and analysis of the standard reflection data, a correction was made for an 8 
% increase in intensity over the collection period. Systematical absences, noted in the 
original data set, correspond to space group P2i/a and the unit cell and data set were 
transformed to give the space group P2i/c and the unit cell as listed in (ii) Crystal 
Data.
The cell volume indicated that there were only two molecules per unit cell and routine 
use of the direct methods program MULTAN revealed all the atoms of the half 
molecule about a centre of symmetry. Full matrix least-squares refinement of structure 
amplitudes based upon these atom positions with H atoms in fixed calculated positions 
converged at R = 0.14. Anisotropic refinement converged at R = 0.117 and from the 
resulting difference map the H atom associated with N(4) was detected. With inclusion 
of this atom, refined isotropically, and the refinement of an extinction parameter, the 
final values were R = 0.109, Rw = 0.133, S = 1.227 using a weighting scheme of the 
type w'1 = [cj2(F) + (0.4F)2 + 4.0], The largest peak in a final difference map was less 
then 0.2 electrons.
(iv) Description o f Structure. Atomic coordinates and bond distances and angles 
are given in Tables 3.5 and 3.6. Although the final R value is high, the ORTEP 
drawing of the molecule (Figure 3.2) shows the vibrational ellipses to have very 
reasonable shape with only the terminal methyl group at C(17) showing a large 
vibration perpendicular to the plane of the molecule.
Bond distances throughout the molecule have close to the expected values with a clear 
indication of a double bond at C (l)-N (l). The distances N(l)-N(4) are 2.69 A across 
the C(ll)-C(16) bridge but 2.76 A for the centrosymmetrically placed N(4). Across 
the centre of symmetry the N (l)-N (l) distance is 3.79 A compared with the N(4)-N(4) 
distance of 3.91 A. The H(4n)-H(4n) distance is 1.71 A. There are no close contacts 
between molecules and all van der Waals distances are greater than 3.5 A.
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T a b l e  3.5 Final Atomic Coordinates for Non-Hydrogen Atoms in 3,7,12,16- 
(Me)4taaH2 with Estimated Standard Deviations (e.s.d.s) in Parentheses
Atom X y z
N (l) 0.145(1) 0.0851(5) 0.625(1)
N(4) 0.1310(9) -0.0121(5) 0.315(1)
C(l) 0.129(1) 0.01320(6) 0.763(1)
C(4) 0.112(1) -0.0679(6) 0.181(2)
C (ll) 0.267(1) 0.0952(6) 0.526(1)
C(12) 0.398(1) 0.1533(6) 0.588(2)
C(13) 0.515(1) 0.1585(7) 0.480(2)
C(14) 0.505(1) 0.1110(6) 0.327(1)
C(15) 0.378(1) 0.0530(7) 0.266(1)
C(16) 0.260(1) 0.0461(6) 0.372(1)
C(17) 0.633(1) 0.1183(9) 0.213(2)
C(20) 0.008(1) 0.1273(6) 0.867(1)
C(21) 0.013(1) 0.1865(7) 1.017(2)
H(4n) 0.08(1) -0.007(5) 0.44(1)
T a b l e  3.6 Selected Bond Distances (A) and Angles (°) with e.s.d.s in Parentheses
N (l)-C (l) 1.293(14) C(l)-N(l)-C(l I) 123.7(9)
N(l)-C(l 1) 1.413(14) C(4)-N(4)-C(16) 128(1)
N(4)-C(4) 1.308(13) C(4)-N(4)-H(4n) 128(4)
N(4)-C(16) 10412(12) C(16)-N(4)-H(4n) 102(4)
N(4)-H(4n) 1.14(9) N(l)-C(l)-C(20) 127(1)
C(l)-C(20) 1.42(2) N(4)-C(4)-C(20) 128(1)
C(4)-C(20) 1.382(14) N(l)-C(ll)-C(12) 122.8(9)
C(ll)-C(12) 1.427(14) N(l)-C(ll)-C(16) 117.9(9)
C(ll)-C(16) 1.348(14) C(12)-C(ll)-C(16) 119(1)
C(12)-C(13) 1.41(2) C(ll)-C(12)-C(13) 118(1)
C(14)-C(15) 1.401(14) C(13)-C(14)-C(15) 121(1)
C(14)-C(17) 1.53(2) C(13)-C(14)-C(17) 120(1)
C(15)-C(16) 1.42(2) C(15)-C(14)-C(17) 119(1)
C(20)-C(21) 1.45(2) C(14)-C(15)-C(16) 119(1)
N(4)-C(16)-C(l 1) 119(1)
N(4)-C(16)-C(15) 120.4(9)
C(ll)-C(16)-C(15) 120.7(9)
C(l)-C(20)-C(4) 120(1)
C(l)-C(20)-C(21) 118(1)
C(4)-C(20)-C(21) ....  1220)-,
C
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3.4 7,16-Dinitro-S,14-dihydrodibenzo[b,i] [ 1,4,8,11 ] tetraazacyclo-
tetradecine and its C oba lt (II ) and N ickel(II) Complexes: 
7 ,16 -(N 02)2taaH 2, C o -7 ,1 6 -(N 0 2)2taa and N i-7 ,1 6 -(N 0 2)2taa
3.4.1 Synthesis
3.4.1.1 Foreword
The synthesis of 7,16-(N02)2taaH2 was achieved according to the published 
procedure49 by the reaction of sodium nitromalonaldehyde monohydrate with o- 
phenylenediamine in ethanol/acetic acid (Scheme 3 .6). The sodium nitromalonaldehyde 
monohydrate was first prepared113 from the reaction of sodium nitrite with 
mucobromic acid in ethanol/water (Scheme 3.5). The cobalt(II) and nickel(II) 
complexes of 7,16-(N02)2taaH2 were then prepared by insertion reactions using 
cobalt(II) acetate and nickel(II) acetate in DMF.
3.4.1.2 Synthesis o f Sodium Nitromalonaldehyde Monohydrate
NaNC>2 / H20
cr oh
NO,
I f l
o o
Scheme 3.5 Synthesis of sodium nitromalonaldehyde monohydrate
Caution: Sodium nitromalonaldehyde monohydrate is impact sensitive.
A 250 cm3 round bottom flask was equipped with a thermometer, a gas vent and a 100 
cm3 pressure-equalised dropping funnel. The gas vent was attached to a water pump to 
remove the gases evolved during the reaction. Sodium nitrite (25.9 g, 0.37 mol) was 
dissolved in water (30 cm3) and added to the flask. To the dropping funnel was added 
a solution of mucobromic acid (25.5 g, 0.10 mol) in ethanol (30 cm3). The solution in 
the flask was heated to 54 °C and the solution in the dropping funnel was added 
dropwise over a period of 120 minutes. During the addition the temperature was 
maintained at 54±1 °C by the use of an ice/oil bath. As the solutions were added the 
reaction mixture became dark orange and gas was evolved.
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After the addition the solution was maintained at 54 °C for a further 10 minutes with 
stirring, and after this time the flask was cooled to 0 - 5 °C in an ice bath and the 
yellow precipitate that formed collected on a chilled Buchner. The damp product was 
then transferred to a 250 cm3 conical flask with an ethanol/water mixture (40 cm3/10 
cm3) with the aid of a plastic spatula. The solution was heated to boiling and the hot 
solution vacuum filtered to remove a fine yellow solid impurity. The dark red filtrate 
was cooled slowly on ice to 0 °C and the yellow needles that formed (6.65 g, 42 %) 
were filtered off quickly on a weighed Buchner funnel.
The damp crystals were not dried but were used immediately to form the macrocycle. 
The nitromalonaldehyde was not analysed due to its instability.
3.4.1.3 Synthesis of 7,16-(N02)2taaH2
NO„
NO,
O O
Na .
NH N
N ITN
NOo
Scheme 3.6 Synthesis of 7,16-(N02)2taaH2
Sodium nitromalonaldehyde monohydrate (6.65 g, 53.17 mmol) was dissolved in hot 
96 % ethanol and placed in a 250 cm3 round bottom flask equipped with a magnetic 
stirrer and condenser. o-Phenylenediamine (5.75 g, 53.17 mmol) was dissolved in 96 % 
ethanol (70 cm3) and glacial acetic acid (15 cm3) and then added to the flask. The 
mixture was heated to reflux with stirring for 45 minutes which caused a red-orange 
precipitate to form. The solution was then cooled and the precipitate (5.670 g) filtered 
off at the pump and sucked dry. After transferring this product to a 250 cm" round 
bottom flask and recrystallisation from quinoline, large dark red needles (4.521 g, 45 
%) were formed which were washed with a large volume of methanol and air dried.
Analytical: Calculated for Ci8Hi4N 604 :
Found :
C, 57.14 ;H, 3.73 ; N, 22.21% 
C, 56.73 ; H, 3.55 ; N, 21.94%
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3.4.1.4 Synthesis of Co-7,16-(N02)2taa
To a 100 cm3 round bottom flask was added a suspension of 7,16-(N02)2taaH2 (0.757 
g, 2 mmol) in DMF (25 cm3) and a solution of cobalt(II) acetate tetrahydrate (0.498 g, 
2 mmol) in DMF (25 cm3). The mixture was refluxed strongly for four hours and was 
left to cool overnight. The dark black microcrystalline Co-7,16-(N02)2taa (0.749 g, 86 
%) was filtered off from a dark brown solution, washed with methanol, and air dried. 
The analysis was recorded after further drying in a vacuum pistol at 80 °C overnight.
Analytical: Calculated for Ci8H12N604Co : C, 49.67 ; H, 2.78 ; N, 19.31 %
Found : C, 49.75 ; H, 2.61 ; N, 19.04 %
3.4.1.5 Ni-7,16-(N02)2taa
To a suspension of 7,16-(N02)2taaH2 (0.757 g, 2 mmol) in DMF (25 cm3) was added a 
solution of nickel(II) acetate tetrahydrate (0.498 g, 2 mmol) in DMF (25 cm3). The 
mixture was refluxed for four hours and cooled to room temperature. The dark red Ni-
7,16-(N02)2taa (0.789 g, 90 %) was filtered off, washed with methanol and dried in a 
vacuum pistol at 80 °C overnight.
Analytical: Calculated for Ci8HI2N604N i : C, 49.70 ; H, 2.78 ; N, 19.32 %
Found : C, 50.23 ; H, 2.66 ; N, 19.54 %
3.4.2 Results and Discussion
3.4.2.1 7,16-(N02)2taaH2, Co-7,16-(N02)2taa andNi-7,16-(N02)2taa
(i) IR Spectt'oscopy. The IR spectra of the metal-free ligand and cobalt(II) and 
nickel(II) complexes were recorded as KBr discs. The spectrum of the ligand shows an 
N-H stretch (3200 cm'1) and a strong C~N stretch (1639 cm'1) as well as the 
symmetric and asymmetric N02 bands (1474 cm'1, 1271cm'1) lowered considerably 
from their usual values (1570 - 1540 cm'1, 1390 - 1340 cm'1) showing a high degree of 
conjugation. After complexation with both cobalt(II) and nickel(II) the N-H stretch is 
absent and the C" C and C~-N macrocyclic stretches (assigned at 1639 and 1568 cm'1) 
are modified and replaced by macrocyclic O-C, C~N stretches at 1527 - 1538 cm \ 
The IR spectra ofNi-7,16-(N02)2taa and Co-7,16-(N02)2taa are very similar.
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T a b l e  3.7 IR Data for 7,16-(N02)2taaH2, Co-7,16-(N02)2taa, and Ni-7,16-(N02)2taa
Assignment 7,16-(N02)2taaH2 Co-7,16-(N02)2taa Ni-7,16-(N02)2taa
_________Vmax/ Cm'1_____________ Vmax/Cm'1_________ Vmax/cm'1
NH str. 3200 - -
C-_-N str. (macro.) 1639s - -
C~ C str. (macro.) 1568s - -
C~C str. (arom.skel.) 1598m 1596w 1602w
1515m 1574w 1579w
C~N,C~ C str. (macro.skel.) - 1532s 1538s
1527s 1528s
N02 asym. str. 1474s 1498s 1499s
N02 sym. str. 1322s 1316s 1311s
C-N str. 1271s 1275s 1272s
(ii) UV Spectroscopy. The UV spectra of 7,16-(N02)2taaH2 and Co-7,16-(N02)2taa 
were recorded in DMF (saturated solution, ~ 1x1 O'6 M) in the range 300 - 600 nm and 
approximate extinction coefficients calculated. The niclcel(II) complex is so poorly 
soluble that only a small absorption is visible from a saturated solution. The metal-free 
ligand shows only one intense peak (381 nm) that is assigned to the B(0,0) band with a 
shoulder at lower energy which possibly contains the Q bands. After complexation 
with cobalt(II) the Soret band shifts to lower energy (392 nm) by 13 nm and it is 
possible to see M- and L-type bands in the high energy region of the spectrum (300 - 
370 nm). The only peak that is visible in the spectrum of Ni-7,16-(N02)2taa is the 
B(0,0) band, shifted to lower energy by 14 nm from that of the free ligand. The values 
of these red shifts are nearer the values found in porphyrin complexation.
T a b l e  3.8 UV Data for 7,16-(N02)2taaH2, Co-7,16-(N02)2taa, and Ni-7,16-(N02)2taa
7,16-(N02)2taaH2 Co-7,16-(N02)2taa Ni-7,16-(N02)2taa
Assignment Amax/nm 10'6e/ /Wx/nm 10'6s/ ?w/nm 10"6s/
IvUcm'1 __________ M'Am'1______________ M^cm'1
322.4 1.6
357.3 2.0
394.0 2.3 395.2
M
L
Soret 381.1 1.5
415.0 sh 1.0
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(iii) lH NMR Spectroscopy. The NMR spectaim of 7,16-(N02)2taaH2 in d6- 
DMSO needed a long acquisition time (2 hours). The spectrum shows a doublet for the 
two pairs of non-equivalent methine protons, a triplet for the amine proton (due to 
coupling with nitrogen), and two distinct multiplets in the aromatic region. The nickel 
complex was insufficiently soluble in rt<rDMSO for a spectrum to be obtained.
lR  NMR (rtd-DMSO), 5H/ppm: 14.1 (t, 2H, NH), 9.2 (d, 4H, CH macrocyclic), 7.3-
7.7 (m, 8H, CH aromatic).
(iv) Discussion. Again the ligand and cobalt(ll) and nickel(II) complexes have been 
successfully prepared. The ligand has a lower solubility in DMF than taaH2, but is 
readily metalated to give crystals of good analysis. No crystal structure data is 
available for the ligand or metal complexes. The !H NMR spectrum shows two peaks 
assigned to the four methine protons due to their different environments. The chemical 
shift (9.2 ppm) is downfield from that of the equivalent protons in taaH2 (7.67 ppm) 
due to the deshielding effect of the nitro group.
3.5 7,16-Diphenyl-5,14-dihy drodibenzo [b, /] [1,4,8,11]
tetraazacyclotetradecine and its Cobalt and Nickel Complexes: 
D ptaaH 2, Codptaa and Nidptaa
3.5.1 Synthesis
3.5.1.1 Foreword
The synthesis of the phenyl-substituted ligand, dptaaH2, from the cyclic condensation 
of a-phenyl-p-dimethylaminoacraldehyde and ophenylenediamine was accomplished 
by a method reported from this laboratory 105(Scheme 3.8). The acraldehyde starting 
material was prepared by a modified procedure published by Arnold114 from the 
reaction of the reactive species prepared from POCI3 and DMF with phenylacetic acid 
(Scheme 3.7). Further details of this reaction are given in Section 4.3. The cobalt(II) 
and nickel(II) complexes were prepared by insertion reactions in DMF in the usual 
way.
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3.5.1.2 Synthesis of a-Phenyl-/3-dimethylaminocicraIdehyde
Me Me
O O
HO
POC1,
DMF
Scheme 3.7 Synthesis of a-phenyl-(3-dimethylaminoacraldehyde
To a 1 litre three necked round bottom flask, fitted with a condenser, a 100 cm3 
dropping funnel, a thermometer and a magnetic stirrer was added DMF (73.16 g, 1.0 
mol). The dropping funnel was charged with POCl3 (92.30 g, 0.6 mol), which was 
added dropwise to the DMF maintaining a temperature below 70 °C with constant 
stirring. The addition took one hour in which time the solution was seen to turn from 
colourless to light orange. The condenser was then removed and phenylacetic acid 
(27.22 g, 0.2 mol) was added, again maintaining the temperature below 70 °C. After 
the addition was complete the condenser was replaced and the contents of the flask 
were heated at 70 °C on a water bath for six hours.
After this time the mixture was allowed to cool to room temperature, decomposed by 
ice (300 cm3), and hydrolysed by the addition of a large excess (400 cm3) of a 
saturated solution of potassium carbonate. Toluene (100 cm3) was then added and the 
mixture refluxed for 15 minutes to extract the product. The toluene layer was removed 
using a separating funnel and the aqueous layer similarly re-extracted using two smaller 
(50 cm3) portions of toluene. The extracts were combined and dried over magnesium 
sulphate overnight.
The drying agent was filtered off and the toluene removed from the filtrate on the 
rotary evaporator. The viscous honey-coloured residue was dissolved in diethyl ether 
(300 cm3) and cooled in liquid nitrogen. The light coloured upper layer was decanted 
from a dark brown lower layer and further cooled in liquid nitrogen. The cream-yellow 
precipitate (19.14 g, 55 %) that formed on stirring was filtered at the pump and air 
dried. The lower dark brown layer was discarded.
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Analytical: Calculated for CnHoNO:
Found :
C, 75.40 ;H, 7.48 ; N, 7.99% 
C, 75.42 ;H, 7.46 ; N, 7.99%
3.5.1.3 Synthesis of DptaaH2
M e  M e
o
. N F L
NH,
-E>
D M F
' N  H N
N H  N '
S c h e m e  3 . 8  S y n t h e s i s  o f  d p t a a H 2
To a 100 cm3 round bottom flask was added a-phenyl-p-dimethylaminoacraldehyde 
(17.52 g, 0.1 mol), o-phenylenediamine (10.81 g, 0.1 mol) and DMF (75 cm3). The 
mixture was refluxed strongly for five hours and the dark purple crystalline solid 
formed on cooling filtered off. The dptaaH2 (10.26 g, 23 %) was washed with 
methanol and dried at the pump.
Analytical: Calculated for C3oH24N4 : C, 81.79 ; H, 5.49 ; N, 12.72 %
Found : C, 81.78 ; H, 5.52 ; N, 12.74 %
3.5.1.3 Synthesis o f Codptaa
The free ligand, dptaaH2 (0.441 g, 1 mmol), was refluxed in DMF (20 cm3) with 
cobalt(II) acetate tetrahydrate (2.740 g, 1.1 mmol) for five hours. After cooling, the 
dark purple-black needles (0.48 g, 96 %) which separated were filtered off, washed 
with methanol and dried at 80 °C in a vacuum oven overnight.
Analytical: Calculated for C3oH22N4Co : C, 72.43 ; H, 4.46 ; N, 11.26 %
Found: C, 72.62 ; H, 4.51 ; N, 11.42 %
Chapter 3 Known Tetraaza[14]annulenes 78
3.5 . 1.3 Synthesis of Nidptaa
The free ligand, dptaaH2 (0.441 g, 1 mmol), was refluxed in DMF (20 cm3) with 
nickel(II) acetate tetrahydrate (2.737 g, 1.1 mmol) for five hours. After cooling, the 
dark purple-brown microcrystalline solid (0.340 g, 68 %) was filtered off, washed with 
methanol and dried at 80 °C in a vacuum oven overnight.
Analytical: Calculated for C30H22N4N i: C, 72.47 ; H, 4,46 ; N, 11.27 %
Found: C, 72.73 ; H, 4.54 ;N, 11.56%
3.5.2 Results and Discussion
3.5.2.1 a-Ph enyl- ft- dimethyl am in oacraldehyde
IR (KBr disc), Vmax/cm'1: 2724s (aldehyde CO-H stretch), 1610s (s, C=0 stretch), 
1594m (C=C stretch).
‘H NMR (COCO, SH/ppm: 9.10 (s, 1H, COH), 7.35-7.16 (m, 5H, CH aromatic), 6.81 
(s br, 1H, CH), 2.62 (s br, 6H, CH).
3.5.2.2 DptaaH2i Codptaa and Nidptaa
Table 3.9 IR Data for DptaaH2,Codptaa and Nidptaa
Assignment dptaaH2 Codptaa Nidptaa
______________________________ V max/ Cm____________ V max/ C1U___________Vmax/ Cm
NH str. 3128w - -
C -N  str. 1632s 1634w 1634w
C~C str. (arom.skel.)) 1590m 1591w 1595w
1552m 1576w 1579w
1494s 1551w 1551w
N,C~ C str. (macro.skel.) 1467s 1466s
1444m 1446m
C-N str. 1310s 1338s 1347s
C-H def. 726w 723w 722w
73 6w 734w
761w 759w 759w
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(i) IR Spectroscopy. The IR spectra were recorded as KBr discs (Table 3.9). The 
spectrum of the ligand shows the expected absorption bands, which change on 
coordination with cobalt(II) and nickel(II) in much the same way as those for taaH2.
(ii) UV Spectroscopy. The UV spectrum of the metal-free ligand was recorded in 
DMF (~ lxl O'5 M) between 300 and 600 nm. The large peak at 307 nm does not 
appear in the spectra of taaH2 or 7,16-(N02)2taaH2 and is assigned to the K-band of 
the benzene rings which is considerably shifted to longer wavelength compared to 
benzene (203.5 nm) due to extensive conjugation. Similar peaks have been recorded in 
all the 7,16-phenyl-substituted ligands. The intense Soret band (B(0,0), 392 nm) is at 
lower energy than the corresponding band in taaH2 (368 nm). The two Q bands (430 
nm, 449 nm) are also at lower energy than in taaH2 (437 nm, 418 nm).
Both the cobalt(II) and the nickel(II) complexes show reduced solubility in DMF. UV  
spectra were recorded as saturated solutions prepared after treatment in the ultrasound 
bath (~ lxl O'6 M). Both metal complexes show peaks below 350 nm (308 and 312 nm) 
assigned to K-bands. On nickel(II) coordination the intensity of the peak at 392 nm is 
reduced, a strong peak appears at 438 nm and a broad shallow peak appears at 526 
nm. Codptaa does not show such marked changes: there is a small shift in the Soret 
band and an extra peak at 503 nm.
Table 3.10 UV Data for DptaaH2,Codptaa and Nidptaa
dptaaH2 Codptaa Nidptaa
Assignment A^nax/ nm lO 'V A'max/ nm 10 e/ /Unax/nm 10 e/
M"1cm'1 mtW 1 M 'W 1
IC 307.2 2.43 307.7 1.08 312.0 0.95
Soret B(0,0) 392.3 2.20 391.9 0.95 393.6 0.45
(P) Q(i,o) 429.6 0.87 429.0 0.39
(a) Q(o,o) 448.9 0.84 450.0 0.35 437.6 0.72
503.2 0.15 525.6 0.10
(Hi) !H  and I3C NMR Spectroscopy. The LH and 13C DEPT NMR spectra of dptaaH2 
were recorded in rf(5-DMSO, but the nickel complex was insufficiently soluble in d6- 
DMSO to obtain a spectrum.
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Table 3.11 l3C NMR Data for DptaaH2 Table 3.12 JH NMR Data
Assignment dptaaH2
5q/ppm
Assignment
147.47
140.37
137.85
128.80
126.19
125.78
124.90
114.12
111.12
dptaaH2
5n/ppm
NH 14.2, t,2H
CH 8.1,d,4H
Aromatic 6.9-7.5, m, 18H
(iv) Discussion. The ligand and its cobalt(II) and nickel(II) complexes were 
successfully prepared. DMF is the ideal solvent to prepare ligand and metal complexes 
as all were obtained as needle-like crystals of good analysis.
3.6 7,16"/?-Nitrophenyl-5,14-Dihydrodibenzo[^/][l»4,8,ll]“
tetraazacyclotetradecine and its Cobalt and Nickel Complexes: 
(p ~N 0 2)2dptaaH2, C o (p -N 0 2)2dptaa and N i (p -N 0 2)2dptaa
3.6.1 Synthesis
3.6.1.1 Forervord
As with the phenyl-substituted ligand, (/?~N02)2dptaaH2 was prepared from the direct 
reaction of the a-substituted-P-dimethylaminoacraldehyde and o-phenylenediamine. a- 
p-Nitrophenyl-P-dimethylaminoacraldehyde was again prepared by formylation of the 
phenylacetic acid and crystallised from hot toluene as a dark orange solid which is 
readily recrystallised from ethanol.
3.6.1.2 Synthesis of a-p-NitrophenyI-[3-dimethylaminoacraldehyde
To a 250 cm3 three-necked round bottom flask equipped with a 100 cm3 pressure- 
equalised dropping funnel, a magnetic stirrer and a thermometer was added DMF
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(36.55 g, 0.50 mol). From the dropping funnel P0C13 (46.00 g, 0.3 mol) was added 
dropwise to the DMF maintaining the temperature below 70 °C with constant stirring. 
During the addition the solution was seen to turn from colourless to light orange. The 
dropping funnel was removed, /?-nitrophenylacetic acid (18.11 g, 0.10 mol) was slowly 
added to the reaction mixture and the flask was cooled to maintain the temperature 
below 70 °C. The bright yellow solid which formed on the addition of approximately 
half the p-nitrophenylacetic acid dissolved on heating to give a dark red solution. The 
solution was heated at 70 °C on a water bath for six hours. The reaction mixture was 
then decomposed by pouring onto ice (300 cm3) in a 2 litre beaker. The orange 
solution was stirred and solid K2C03 added until the liberation of gas ceased and the 
pH was between 10 and 12 (universal indicator paper).
Toluene (50 cm3) was then added and the mixture heated to 90 °C with stirring. The 
brown colo ration was extracted into the organic layer which was separated using a 
funnel while still warm because the product crystallises on cooling. The aqueous layer 
was similarly extracted with two smaller (30 cm3) portions of toluene. The combined 
organic layers were reduced in volume to approximately 30 cm3 on the rotary 
evaporator and allowed to cool. The product which precipitated out was filtered off 
and recrystallised from ethanol to yield large dark orange crystals (13.72 g, 62 %) that 
were dried at the pump.
Analytical: Calculated for CnHi2N203 : C, 60.00 ; H, 5.49 ; N, 12.72 %
Found : C, 59.56 ; H, 5.50 ; N, 12.91 %
3.6.1.3 Synthesis of (p-N02)2dptaaH2
To a 100 cm3 round bottom flask was added a-/>nitrophenyl-{3- 
dimethylaminoacraldehyde (13.21 g, 0.06 mol), ophenylenediamine (6.488 g, 0.06 
mol) and DMF (50 cm3). The dark purple reaction mixture was heated under reflux for 
five hours and after cooling the dark purple microcrystalline product (11.45 g, 36 %) 
was filtered off, washed with methanol and dried in a vacuum pistol at 80 °C 
overnight.
Analytical : Calculated for C3oH22N604: C, 67.92 ; H, 4.18 ; N, 15.84 %
Found: C, 67.46 ; H, 4.09 ; N, 15.76 %
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The synthesis of fy?-N02)2dptaaH2 has been repeated by the same method four times 
and the product used for complexation and reduction reactions. The purity of the 
nitroacraldehyde can be checked routinely by NMR and that of both products by 
microanalysis and IR spectroscopy. The synthesis of both the nitroacraldehyde and (p- 
N 02)2dptaaH2 has been scaled up 2-fold with no significant loss of yield of either 
product (Table 3.13, Table 3.14). The scale-up of the formylation reaction has been 
repeated twice and requires the use of a 500 cm3 round bottom flask fitted with a large 
(150 cm3) dropping funnel. An overhead mechanical stirrer is required to stir the 
viscous dark orange solution which should be decomposed on ice (600 cm3) whilst 
warm because it sets solid on cooling. All reagents and solvent were directly scaled up 
and the conditions, including the reaction time, were similar to those used above. A 
number of problems associated with the isolation of the product are discussed in 
Section 3.6.3.1.
Table 3.13 Repeated Synthesis of a-/?-Nitrophenyl-P-dimethylaminoacraldehyde
Yield of Microanalysis of
cc-jP-nitr ophenyl-13 - a-/?-nitro phenyl-|3-
dimethylaminoacraldehyde__________ dimethylaminoacraldehyde
Repeat 43 % C, 60.02 H, 5.53 N, 12.80%
synthesis: 66% C, 60.19 H, 5.54 N, 12.84 %
53 % C, 59.79 H, 5.45 N, 12.50%
52% C, 59.99 H, 5.38 N, 12.67 %
Scale up 60% C, 59.82 H, 5.55 N, 12.74%
58% C, 60.22 H, 5.59 N, 12.83 %
Table 3.14 Repeated Synthesis of (/?-N02)2dptaaH2
Yield of 
(/?-N02)2dptaaH2
Microanalysis of 
0?-NO2)2dptaaH2
Repeat 18% C, 67.38 ;H, 3.91 ; N, 15.84%
synthesis:
34% C, 67.21 ; H, 4.10 ; N, 15.41 %
36% C, 67.61 ;H, 3.97; N, 15.63%
26% C, 67.73 ; H, 4.00 ; N, 15.70%
Scale up 22% C, 67.39 ;H, 3.91 ; N, 15.45%
25% C, 67.74 ; H, 3.92; N, 15.42%
Chapter 3 Known Tetraaza[14]anmilenes 83
3.6.1.5 Synthesis of Co(p-N02) 2dptaa
A number of methods were used in unsuccessful attempts to prepare a sample of Co(p- 
N02)2dptaa of good analytical purity. It was hoped that nitro-substituted metal 
complexes could be reduced to the amino derivatives thereby removing the need to 
insert the metal ion into the amino-substituted ligand.
(i) Insertion Reaction in DMF. The first attempt was an insertion reaction with 
cobalt(II) acetate in DMF, a method used successfiilly for other CoTAA complexes.
To a suspension of (//-N02)2dptaaH2 (4.245 g, 8 mmol) in DMF (40 cm3) was added 
cobalt(II) acetate tetrahydrate (1.993 g, 8 mmol). The solution was heated under reflux 
for four hours. After cooling a dark purple product (4.162 g, 89 %) was filtered off, 
washed with methanol and dried in the vacuum oven at 60 °C for five hours.
Analytical: Calculated for C3oH2oN604Co : C, 61.34 ; H, 3.43 ; N, 14.31 %
Found: C, 58.27 ; H, 3.57 ; N, 12.68 %
(ii) Insertion reaction under nitrogen. To a 100 cm3 side-arm flask was added DMF 
(25 cm3) which was deoxygenated by evacuating and filling the flask three times with 
nitrogen. Against a flow of nitrogen (p-N02)2dptaaH2 (1.061 g, 2 mmol) and cobalt(ll) 
acetate tetrahydrate (0.498 g, 2 mmol) were added and the suspension refluxed under 
nitrogen for four hours. After cooling overnight a dark purple product (0.881 g, 75 %) 
was filtered off under nitrogen, washed with deoxygenated methanol (25 cm3) and 
dried at the pump. This was then transferred to the nitrogen box and analytical results 
recorded from the box (A) and after exposure to the air (B).
Analytical: Calculated for C3oH2oN604Co : C, 61.34 ; H, 3.43 ; N, 14.31 %
Found A: C, 62.56 ; H, 3.73 ; N, 13.86 %
Found B: C, 60.34 ; H, 3.52 ; N, 13.65 %
(iii) Attempted Purification. Attempts were made to purify the sample of Co (p- 
N 02)2dptaa prepared in Section 3.2.4.5(i). The product was washed with a large 
volume of methanol until the washings were completely colourless. The product was 
then dried in a pistol at 60 °C under vacuum, overnight.
Analytical : Found: C, 61.07 ; H, 3.55 ; N, 13.54 %
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The product was then dried further in the drying pistol at 120 °C over P2O5 under 
vacuum overnight.
Analytical: Found: C, 62.79 ; H, 3.59 ; N, 14.33 %
The complex was washed/recrystallised from DMF: To a sample of Co(p-N02)2dptaa 
(1 g, 1.7 mmol) was added DMF (25 cm3) and the suspension refluxed strongly for 
two hours. The complex did not fully dissolve. After cooling the product (0.9 g, 90 %) 
was filtered off, washed with a large volume of methanol and dried at 120 °C under 
vacuum.
Analytical: Found: C, 62.73 ; H, 3.59 ; N, 14.31 %
The complex was washed/recrystallised from l-methyl-2-pyrroIidinone: To a 50 cm3 
round bottom flask was added Co(p-N02)2dptaa (0.3 g, 0.51 mmol) and l-methyl-2- 
pyrrolidinone (10 cm3) and the suspension refluxed for four hours. The complex did 
not dissolve completely despite the addition of a further 10 cm3 of solvent and 
vigorous heating. The flask was cooled and the dark purple microcrystalline product 
(0.234 g 78 %) washed with methanol and dried in a vacuum pistol at 80 °C overnight.
Analytical: Found C, 63.70 ; H, 3.51 ; N, 14.82 %
The complex was recrystallised from nitrobenzene according to the following method. 
The cobalt complex (0.1 g, 0.17 mmol) was refluxed strongly in nitrobenzene (20 cm3) 
for half an hour and the hot solution filtered through fluted filter paper. The 
undissolved material (A, 0.8 g, 80 %) was washed with methanol and dried and the 
filtrate cooled over night. The light purple product that precipitated (B, 0.2 g, 20 %) 
was filtered off, washed with methanol and dried in the usual way.
Analytical: Found A: C, 63.58 ; H, 3.63 , N, 14.67 %
Found B: C, 66.19 ; H, 3.94 ; N, 15.07%
All attempts to purify the product by Soxhlet extraction with various solvents failed 
due to the insolubility of the complex.
(iv)Template Synthesis. To a 50 cm3 round bottom flask was added cobalt(II) 
acetate tetrahydrate (0.623 g, 2.5 mmol) and DMF (25 cm3) and the flask warmed to
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give a purple solution. To this was added o-phenylenediamine (0.541 g, 5 mmol) and 
the reaction mixture refluxed for three hours. To the white suspension that formed was 
added a-/?-nitrophenyl-p-dimethylaminoacraldehyde (l.lOlg, 5mmol) and the reflux 
continued for a further four hours. After cooling the dark purple microcrystalline 
product (0.69 g, 23 %) was filtered off from the dark red solution, washed with 
methanol and dried at 80 °C under vacuum.
Analytical: Calculated for C3oH2oN604Co : C, 61.34 ; H, 3.43 ; N, 14.31 %
Found : C, 51.80 ; H, 3.38 ; N, 13.54%
(v) Insertion Reaction in Quinoline. The compound (p-N02)2dptaaH2 (0,530 g, 1 
mmol) was suspended in quinoline (30 cm3), cobalt(II) acetate tetrahydrate (0.249 g, 1 
mmol) was added, and the whole refluxed strongly for five hours. After cooling, the 
black microcrystalline powder (0.491, 84 %) was filtered off, washed with methanol 
and dried in the usual way.
Analytical: Calculated for C3qH2oN604Co : C, 61.34 ; H, 3.43 ; N, 14.31 %
Found: C, 62.83 ; H, 3.31 ; N, 13.78 %
3.5.1.6 Ni(p-N02) 2dptaa
A suspension of fy?-N02)2dptaaH2 (1.061 g, 2 mmol) and nickel(II) acetate (0.498 g, 2 
mmol) in DMF (25 cm3) was refluxed for three hours. On cooling the dark purple 
microcrystalline product (0.986 g, 84 %) was filtered off, washed with methanol and 
dried in a vacuum oven at 80 °C overnight.
Analytical: Calculated for C3oH20N604N i : C, 61.36 ; H, 3.43 ; N, 14.32 %
Found : C, 64.30 ; H, 3.89 ; N, 14.62 %
3.6.3 Results and Discussion
3.6.3.1 a-p-Nitroph cnyl- [3- dimethylamin oacraldehyde
IR (KBr disc), Vmax/cm"1: 2725s (aldehyde CO-H stretch), 1599s (s, C=0 stretch), 
1588m (C=C stretch), 1505s (N02 asym. stretch) 1378s (N02 sym. stretch). 
lH  NMR (CDCh), 8H/ppm: 9.12 (s, 1H, COH), 8.2 (d, 2H, CH aromatic), 7.35 (d, 2H 
CH aromatic) 6.95 (s br, 1H, CH), 2.88 (s br, 6H, CH3).
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The NMR spectaim is consistent with the proposed structure. It shows the singlet 
for the aldehyde proton and the double-doublet for the protons on the 1,4-disubstituted 
benzene ring as sharp peaks of the expected integrals. The methine and methyl group 
protons give broad absorptions due to cis-trans isomerism about the double bond.
The synthesis of both acraldehyde starting materials (a-phenyl-p- 
dimethylaminoacraldehyde and a-/?-nitrophenyl-(3-dimethylaminoacraldehyde) by 
Vilsmier-type formylation reactions was successful, verified by good analytical and 
spectroscopic results. The yields of both reactions can be considered low for normal 
organic reactions, mainly because of difficulty in isolating the product from the 
reaction mixture (see below).
A detailed mechanism of the formylation reaction is given in Section 4.3. Broadly, the 
reaction firstly involves the generation of an active species 
(chloromethylenedimethyliminium chloride) from the reaction of POCI3 with DMF. 
Two equivalents of the active intermediate then add to the phenylacetic acid where loss 
of HC1 and decarboxylation results in a quaternary salt, which on mild hydrolysis gives 
the a-phenyl-p-dimethylaminoacraldehyde, The reaction uses a 50 % stoichiometric 
excess of POCI3 and a 250 % excess of DMF, which also acts as solvent for the 
reaction. These large excess are required as the chloromethylenedimethyliminium 
chloride is formed in an equilibrium. As the reaction proceeds C02 gas is liberated, the 
cessation of which is a good indication that the reaction has finished. After the reaction 
the highly acidic mixture is thrown onto ice and the quaternary salt taken into solution. 
A large quantity of KOH is then required first to neutralise the HC1 formed in the 
reaction and then to hydrolyse the quaternary salt to the desired product. As solution 
becomes basic the product precipitates and can be extracted from the hot DMF/water 
mixture with toluene. The extraction is efficient but probably results in extraction of 
small quantities of DMF which produce an oil when the toluene is removed on the 
rotary evaporator. This oil can be purified by precipitation from diethyl ether or 
vacuum distillation in the case of a-phenyl-(3-dimethylaminoacraldehyde. The nitro 
derivative often crystallises from the oil once the volume is reduced as far as possible 
on the rotary evaporator. It can be filtered off and recrystallised from ethanol. A
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number of modifications were made in the synthesis of a-/?-nitrophenyl-(3- 
dimethylaminoacraldehyde to try to improve yield.
3.6.3.2 (p~N02)2dptaaH2, Co(p-N02)2dptaa and Ni(p-N02)2dptaa
(i) IR Spectroscopy. The IR spectrum of the free ligand is similar to those of other 
TAAs and also shows strong asymmetric (1500 cm'1) and symmetric (1339 cm'1) N02 
stretching bands. The spectra of both the cobalt(II) and the nickel(II) complexes, 
prepared by insertion reaction with metal acetate in DMF, are virtually identical to 
those of the ligand. In both cases there is a small shift in frequency (2 cm'1) of the C=N 
stretch which appears as a strong absorption in both ligand and complexes. These 
changes are very slight and are in no way as marked as for complexation of other 
TAAs.
Table 3.15 IR Data for (p-N02)2dptaaH2, Co(/?-N02)2dptaa and Ni(p-N02)2dptaa
Assignment 0-N02)2dptaaH2 
Vmax/ Cm'1
CoQ?-N02)2dptaa
Vmax/Cm"1
Ni(p-N02)2dptaa
Vmax/crn'1
NH str. 323 6w
O N  str. 1635s 1634s 1632s
O C  str. (arom.skel.) 1582s 1583s 1582s
O N ,O C  str. (macro.skel.) 1559w 1558s
N 02 asym. str. 1500s 1497s 1505s
N02 sym. str. 1339s 1338s 1338s
C-N str. 1306s 1304s 1304s
(ii) UV Spectroscopy. The UV spectrum (300 - 600 nm) of a saturated solution of
the ligand (~ lxl0'6 M), prepared by treatment in an ultra sound bath, was recorded in 
DMF'. The cobalt and nickel complexes were insufficiently soluble to obtain any 
results. The spectrum shows a K-band for the benzene ring shifted to higher wave 
length (320 nm) than in dptaaH2 (307 nm) due to further conjugation with the nitro 
function. Assignments for B and Q bands have also been made,
UV (DMF), W n m , 10‘ss/ M W 1: 319.7, 1.45 (K-band); 389.6, 1.16 (Soret 
B(0,0)); 460.0 sh, 0.90 (Q(0,0)).
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(Hi) Magnetic Measurement. The magnetic susceptibility of Co(//-N02)2dptaa was 
determined with a JME magnetic susceptibility balance calibrated using HgCo(SCN)4. 
Though only one unpaired electron is expected for low spin cobalt(II) complexes, 
magnetic susceptibilities of about 2.7 BM are found in square planar cobalt(II) 
porphyrins and cobalt(II) phthalocyanine. Codptaa contains low spin cobalt(II) with a 
susceptibility of 2.5 BM at 291 °IC.
The Co(//~N02)2dptaa complex was found to be paramagnetic. The effective magnetic 
moment of the metal was, however, calculated as 3.6 BM at room temperature which 
is low for high spin cobalt(II) for which the literature values are in the range 4.3 - 5.2 
BM. Thus, the significance of the magnetic moment value is uncertain.
(iv) Discussion. The ligand (/?-N02)2dptaaH2 is insoluble in the majority of organic 
solvents and, at best, only very sparingly soluble in a few at room temperature. 
Although this means the ligand can be readily isolated from the reaction solvent (DMF) 
and washed with large amounts of solvent (MeOH) to remove impurities, further 
purification and characterization are difficult. The ligand is insoluble in c4-DMSO and 
all attempts (long acquisition time, elevated temperature) to record the lH NMR 
spectrum in this solvent failed. The ligand can be recrystallised in small quantities from 
boiling quinoline, nitrobenzene or DMSO. Recrysallisation from nitrobenzene improves 
the analytical results and crystals from DMSO were found to be suitable for single 
crystal X-ray analysis (Section 3.6.3.3).
The problems associated with preparing Co(p-N02)2dptaa and Ni(//-N02)2dptaa by 
insertion are believed to be because of the insolubility of the metal-free ligand in the 
reaction solvent. DMF is not a good solvent for the insertion and results in products 
that are mixtures of the free ligand and the metal complex. This can be seen in high 
analytical results for C, H and N, and IR spectra that show incomplete complexation. 
Based on carbon the closest fit to the analytical results for Ni(p-N02)2dptaa is:
56 % (C3oH20N60 4Ni) 44 % (C30H22N6O4) = C, 64.25 ; H, 3.76; N, 14.99 %
A similar high C,H and N  analysis has also been recorded for the Co(II) complex,106 
indicating a similar degree of complexation.
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The mixed product produced when preparing Co(/?-N02)2dptaa could not be easily 
purified. Ligand and complex could not be separated in DMF or l-methyl-2- 
pyrrolidinone by refluxing or Soxhlet extraction. Refluxing nitrobenzene appears to 
dissolve the ligand, but not the complex and improves the analytical results. A number 
of recrystallisations or a Soxhlet extraction may be required to produce a pure sample. 
These disappointing results prompted attempts to prepare the cobalt(II) complex in 
solvents in which the ligand is more soluble and via template synthesis. The product of 
the insertion reaction in quinoline best fits the analytical result for carbon as:
77 % (C3oH2oNc04Co) 27 % (C30H22N6O4) = C, 62.85 ; H, 3.60; N, 14.66 %
An attempt at template synthesis of Cofy?-N02)2dptaa resulted in a macrocyclic 
product in a similar yield as the direct synthesis of the ligand. The very low analytical 
results (Section 3.6,1.5(iv)) could not be accounted for.
3.6.3.3 Crystal Structure of (])-N02)2dptaaH2
(i) Crystal Structure Determination. A thin lath-like crystal of approximate 
dimensions 0.4 x 0.04 x 0.01 mm was mounted on an Enraf-Nonius CAD4 
diffractometer and its unit cell derived from 25 accurately centred reflections in the 0 
range 10° - 12° using monochromatic MoKa radiation, The derived unit cell had larger 
than average errors in its dimensions while the b axis was short -  4 A. To check 
whether this was a true axial repeat a short data collection was made assuming the b 
axis to be -  8 A. Inspection of the data proved that the short value of b was the true 
value. A lull data collection was initiated covering the 0 range 1° - 24° using a co/29 
scan mode at 3.3° per minute. A standard reflection was monitored at hourly intervals.
(ii) Crystal Data. C30H22N6O4, Mr = 530.55, monoclinic, space group P2i/c, a = 14 
889(11) A, b = 3.914(10) A, c = 20.464(9) A, P = 92.62(.05)°, V = 1191.3(4.6) A3, Z 
= 2, Dc = 1.479 g cm"3, absorption coefficient Mo-Ka = 0.95 cm'1, F(000) = 552, 
Mo(ICa) = 0.71073 A.
(iii) Structure Solution and Refinement. After the usual Lorentz-polarisation 
correction, inspection of the hko and oko reflections, systematic absences were noted
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which identified the space group as P2i/c. Analysis of the standard reflection showed 
negligible loss over the data collection period. Of the 2262 reflections measured only 
422 had I > 3a(I). The ceil volume indicated that there were only two molecules in the 
unit cell and that therefore each molecule must be situated on a centre of symmetry. 
Routine application of the Direct Methods program MULTAN revealed the whole 
structure of 20 independent atoms. Refinement of these atoms with H atoms in fixed 
calculated positions (dH = 1.0 A) produced slow convergence to R = 0.18. Anisotropic 
refinement finally converged at R = 0.12, Rw = 0.14 and S = 2.16 using 488 reflections 
with I > 3a(I). The highest peak in the final difference Fourier map was 0.6 electrons.
Table 3.16 Final Atomic Coordinates for Non-Hydrogen Atoms in (p-NCL^dptaa^ 
with Estimated Standard Deviations (e.s.d.s) in Parentheses
Atom x y z
0(27) -0.0546(9) 0.671(8) 0.6941(7)
0(28) -0.081(1) 0.922(6) 0.6003(8)
N (l) 0.3806(9) 0.021(6) 0.4658(6)
N(4) 0.5327(9) -0.216(5) 0.4207(8)
N(24) -0.032(1) 0.731(6) 0.6402(9)
C (l) 0.310(1) 0.153(6) 0.492(1)
C(4) 0.388(1) 0.339(8) 0.5969(9)
C (ll) 0.376(1) -0.131(7) 0.4030(9)
C(12) 0.295(1) -0,179(8) 0.364(1)
C(13) 0.297(1) -0.325(7) 0.3038(9)
C(14) 0.374(1) -0.433(8) 0.278(1)
C(15) 0.455(1) -0.403(8) 0.317(1)
C(16) 0.454(1) -0.243(8) 0.378(1)
C(20) 0.310(1) 0.303(6) 0.554(1) -
C(21) 0.223(1) 0.422(7) 0.5570(8)
C(22) 0.202(1) 0.406(6) 0.6422(9)
C(23) 0.119(1) 0.518(9) 0.6657(9)
C(24) 0.057(1) 0.651(6) 0.620(1)
C(25) 0.077(1) 0.683(6) 0.555(1)
C(26) 0.160(1) 0.575(7) 0,535(1)
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Table 3.17 Selected Bond Distances (A) and Angles (°) with e.s.d.s in Parentheses
0(27)-N(24) 1.19(3) C (l)-N (l)-C (ll) 122(2)
0(28)-N(24) 1.31(3) C(4)-N(4)-C(16) 121(2)
N (l)-C (l) 1.32(3) 0(27)-N(24)-0(28) 121(2)
N (l)-C (l 1) 1.41(3) 0(27)-N(24)-C(24) 121(2)
N(4)-C(4) 1.34(3) 0(28)-N(24)-C(24) 116(2)
N(4)-C(16) 1.43(2) N(l)-C(l)-C(20) 125(2)
N(24)-C(24) 1.45(3) N(4)-C(4)-C(20) 120(2)
C(l)-(20) 1.39(3) N (l)-C (l 1)-C(12) 124(2)
C(4-(20) 1.44(3) N(l)-C(ll)-C(16) 118(2)
C(ll)-C(12) 1.43(3) C(12)-C(ll)-C(16) 118(2)
C(11)-(16) 1.37(3) C(11)-C(12)-C(13) 120(2)
C( 12)-( 13) 1.37(3) C(12)-C(13)-C(14) 123(2)
C(13)-(14) 1.36(3) C(13)-C(14)~C(15) 118(2)
C(14)-(15) 1.41(3) C(14)-C(15)-C(16) 120(2)
C(15)-(16) 1.40(3) N(4)-C(16)-C(l 1) 116(2)
C(20)-(21) 1.47(3) N(4)-C(16)-C(15) 123(2)
C(21)-(22) 1.39(3) C(ll)-C(16)-C(15) 121(2)
C(21)-(26) 1.39(3) C(l)-C(20)-C(4) 124(2)
C(22)-(23) 1.41(3) C(l)-C(20)-C(21) 118(2)
C(23)-(24) 1.38(3) C(4)-C(20)-C(21) 118(2)
C(24)-(25) 1.38(3) C(20)-C(21)-C(22) 123(2)
C(25)-(26) 1.39(3) C(20)-C(21 )-C(26) 121(2)
C(22)-C(21 )-C(26) 116(2)
C(21)-C(22)-C(23) 124(2)
C(22)-C(23)-C(24) 117(2)
N(24)-C(22)-C(23) 119(2)
N(24)-C(24)-C(25) 119(2)
C(23)-C(24)-C(25) 121(2)
C(24)-C(25)-C(26) 120(2)
C(21 )-C(26)-C(25) 122(2)
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(iv) Description o f Structure. Atomic coordinates and bond distances and angles are 
give in Tables 3.16 and 3.17. Whilst the stereochemistry of the molecule has been 
established, the poor refinement of the structure must be attributed to a set of low 
quality data from such a thin crystal where crystal size and shape are uncontrollable 
factors. This has resulted in unrealistic thermal ellipses as shown in the drawing of the 
molecule (Figure 3.3) where in particular C(12) and C(24) have a very distorted 
appearance. Nevertheless, the bond distances within the molecule are close to expected 
values although the poor refinement has necessarily given rise to high standard 
deviations. Not surprisingly, the hydrogen atom attached to either N (l) or N(4) has 
not been located and there is not sufficient difference between the bonds N (l)-C (l), 
N(4)-C(4), C(1)~C(20) or C(4)-C(20) to decide which have double bond character.
The mean plane of the core of the molecule makes an angle of 143° with the phenyl 
ring C(21)-C(26) while the plane of the N 02 group is set at 12° to it. The distance 
N (l) to N (l) across the centre of symmetry is 3.77 A  compared with 3.82 A for N(4) 
to N(4). All the other intermolecular distances show no close contacts less than the 
usual van der Walls distances.
3.7 Synthesis o f a Partly Cyclised Com plex -
[ N f,N r'-(l,3 -Propanediylidene)b is(l,2“benzenediaminato)- 
NfN 'tN '^N" ' ]  C oba lt (II ) Hexafiuorophosphate
3.7.1 Synthesis 
3.7.L I  Foreword
No synthesis of a partly cyclised cobalt(II) salt such as (W'W'-O^-propanediylidene)- 
bis(l,2-benzenediaminato)-7/W'W'/W "ri cobalt(II) hexafiuorophosphate has been 
reported. It was found that the cobalt complex could be prepared under the same 
conditions used for the synthesis of the corresponding nickel complex,79 which 
involves template reaction of 1,1,3,3-tetramethoxypropane and o-phenylenediamine in 
the presence of the metal(II) salt and ammonium hexafiuorophosphate (Scheme 3.9). 
The preparation was successful but there was insufficient time to use the complex in
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attempts to prepare unsymmetrically substituted cobalt(II) complexes and an attempt 
to prepare Cotaa by the reaction of more 1,1,3,3-tetramethoxypropane failed. This 
would have given Cotaa without the need to prepare propynal (Section 3.2.1.2).
3.7.1.2 Synthesis of the Cobalt(II) Complex 
MeO \ / / \ v/ '  OMe
Co(CH3COO)2 ,4H20
------------------------ g>
n h / pf ,
PF,
Scheme 3.9 Synthesis of partly cyclised cobalt(II) complex
An aqueous (150 cm3) suspension of o-phenylenediamine (4.3 g, 0.04 mol), 1,1,3,3- 
tetramethoxypropane (3.283 g, 0.02 mol), cobalt(II) acetate tetrahydrate (4.982 g, 
0.02 mol) and ammonium hexafluorophosphate (10 g) was heated under reflux in a 
250 cm3 round bottom flask. After an hour the solution was cooled to room 
temperature and placed in the refrigerator overnight. The solution was then filtered to 
yield a dark brown-black product (5.689 g, 62 %) which was washed with chilled 
water (50 cm3) and was allowed to dry at the pump before being transferred to a 
vacuum desiccator. After thorough drying the following microanalysis was recorded.
Analytical: Calculated for C15H 15N 4C0PF6
Found :
3.7.2 Results and Discussion
C, 39.58 ; H, 3.32; N, 12.31 % 
C, 39.15 ;H, 3.49; N, 12.26%
3.7.2.1 /N’,N’'-(l,3-Propanediylidene)bis(l,2-benzenediaminato)-l$,N\N'\N'’' ]
Cobalt(II) Hexafluorophosphate.
The IR spectrum of the complex shows a broad N-H stretch due to un-cyclised 
primary amine groups and a C=N, C=C macrocyclic stretch (1440 cm'1) at lower 
frequency than in Cotaa (1466 cm'1). The partly cyclised cobalt(II) complex was 
prepared successfully and could be used as a starting material for the synthesis of the 
symmetrical, and various complexes of unsymmetrically substituted TAAs.
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4.1 Introduction
4.1.1 Synthetic Strategy
Based on experience synthesising known TAAs, a number of synthetic strategies were 
employed in attempts to introduce either aniline or pyrrole groups onto the 
macrocyclic framework. Substitution at the benzene rings dramatically affects 
cyclisation73 and so efforts were concentrated on 7,16-substituted ligands. Of the four 
target molecules suggested for synthesis (Figure 4.1 A - D), A and B are bulkier and, 
based on the crystal structure of dptaaH2,104 expected to be less planar than C and D. 
They are, however, expected to be more planar than the corresponding TPP ligands 
((p-NH2)4tppFl2, (p-pyr)4tppH2) where the phenyl groups are at right angles to the 
tetraaza-ring. A high degree of planarity in the target molecule is required to increase 
interactions between the macrocyclic centre and the surface to which it will be 
electropolymerised.115,116 Although C does not contain an aniline group it may show a 
similar electrochemistry and A and C can be used to prepare B and D respectively.
ONH ,
N H ,
✓ 'V '™  NV ^ 1  N
C L  X J  C L  J j  C L  J Q  C lM H N  M  HW N  T-TN N  H N
A B C  D
Figure 4.1 Target macrocyclic molecules
Efforts to synthesise the four suggested target molecules have therefore focused on 
two areas viz. (i) reactions on pre-formed macrocycles and (ii) the design of non-cyclic 
starting materials for use in condensation reactions.
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4.1.2 Reactions of Pre-formed Macrocycles
The first, and most obvious, strategy for introducing the primary amino functionality is 
via reduction of nitro-substituted compounds. Both aliphatic and aromatic nitro­
compounds can be reduced to amines,117 though the reaction has been applied much 
more to aromatic nitro-compounds owing to their greater availability. Of the many 
reducing agents used to reduce aromatic nitro groups the most common have been Zn, 
Sn or Fe and acid, and catalytic hydrogenation. Conditions for the reduction need to be 
carefully chosen so as not to reduce any other groups in the macrocycle (C=N, C=C), 
although in reality delocalisation about the 1,3-propanediimine ring results in a 
relatively stable macrocycle. For example, the 1,3-propanediimine rings of 7,16- 
(Et)2taaH2 can be selectively hydrogenated over the benzenoid rings using Raney 
nickel at 80 °C and 100 Kg/cm2 in 2-methoxyethanol.118 These conditions are 
substantially more severe than those required for the reduction of nitro groups (Section 
5.1). Although the most obvious approach, the major problem with this strategy is the 
very poor solubility of the nitro-substituted starting materials in solvents in which 
reductions are usually performed. This has led to incomplete reduction or, with many 
reducing agents, no reduction at all and has meant that other solutions to the problem 
were sought.
A second reaction on the pre-formed macrocycle involves substitution of, for example, 
a halogen group with a nucleophilic reagent such as sodium amide. Nucleophilic 
substitutions of this type are generally slow at aromatic substrates and only catalysed 
by very strong bases.
4.1.3 Designing Non-Cyciic Starting Materials
It is conceivable to prepare amine-substituted starting materials, such as a-/>amino-[3- 
dimethylaminoacraldehyde (Figure 4.2A) or amino malonaldehyde (Figure 4.2B), 
although the acraldehyde cannot be prepared from formylation of the corresponding 
phenylacetic acid and the malonaldehyde is reported to be unstable.119 There are, 
however, problems with this approach not only associated with the synthesis of starting
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materials. Any starting material that contains both free amine and carbonyl groups is 
likely to undergo self condensation and cyclisation with o-phenylenediamine is unlikely. 
Attempts to overcome this problem were directed in two ways. First, a number of 
starting materials with protected amine groups were proposed. These can be cyclised 
in the usual way and the protecting group removed once the macrocycle has been 
formed. Secondly, the synthesis of the amine-substituted 1,5-benzodiazepinium salt 
(Figure 4.2C) was suggested. Here it was hoped that on ring opening the orientation of 
the intermediate would favour condensation to form the macrocycle. There was also 
the possibility of protecting the amine group on the 1,5-benzodiazepinium salt.
Me Me
A B C
Figure 4.2 Possible starting materials for amine-substituted macrocycles
4.2 Reactions on Pre-form ed Macrocycles
4.2.1 Introduction
Routes to TAAs with nitro- and halo-substituents are available, and both types of 
macrocycle are starting materials for amine-substituted TAAs by either reduction or 
substitution reactions.
Of the two nitro-substituted ligands, 7,16-(N02)2taaH2 and (p-N02)2dptaaPI2, initial 
attempts at reduction were concentrated on the nitrophenyl-substituted macrocycle, (p- 
N02)2dptaaH2, due to the theoretical ease of reduction of the aromatic nitro group 
over that of a conjugated aliphatic nitro group (Section 5.1). Previous work from final 
year projects86,87,88 shows the poor solubility of the ligand leads to no reduction via the 
usual Fe/HCl or Sn/HCl routes. Reduction takes place using chromium(II) salts120 or 
with formic acid and palladised charcoal,121 but the work-up, through contamination by
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catalyst or chromium(III) products, has been unsuccessful. Based on this knowledge, 
reduction of (p-N02)2dptaaH2 was repeated with modified conditions using the Sn/HCl 
method and the range of reducing agents was increased to include LiAlHU, hydrazine 
and palladised charcoal, NaBH4 and palladised charcoal, and TiCl3.
Of the two bromo-substituted molecules, 7,16-(Br)2taaH2 and (//-Br)2dptaaH2, the 
ligand with the bromine at the bridge-head position is reported to be active to 
nucleophilic substitution reactions at the bromine.77 Activated aryl halides react quite 
well with ammonia to give primary amines but unactivated aryl halides can only be 
converted to the amine by the use of sodamide. With sodamide nucleophilic 
substitution of the aromatic ring is via the benzyne mechanism122 and may result in a 
mixture of m- and //-substituted products.123
4.2.2 Experimental, Results and Discussion
4.2.2.1 Reduction Using Lithium Aluminium Hydride
(i) Foreword. In general, LiAlHt reduces aliphatic nitro compounds to amines and 
aromatic nitro compounds as far as the azo derivative (Scheme 4.1).
2ArN02  * Ar-N=N-Ar
Scheme 4.1 Reduction of aromatic nitro-groups with LiAlH4
However, the use of the reagent on other nitro-substituted polycyclic systems has 
resulted in reduction to the amine, presumably due to the instability of the azo 
compound.124 If complete reduction is to occur, one mole of the nitro functionality is 
reduced by one mole of hydride (Scheme 4.2).
(//-N02)2dptaaH2 + 2LiAlH4 ------------► (//-NH2)2dptaaH2 + 2LiA102 + 2H2
Scheme 4.2 Possible reduction of (p-N02)2dptaaH2 with LiAlH4
In practice, LiAlH4 is often taken in large excess which is destroyed after the reduction. 
Lithium aluminium hydride reacts violently with water liberating hydrogen and any 
contact with even traces of moisture must be avoided. The reagent was therefore 
weighed out in the nitrogen box and the reaction carried out under nitrogen. The 
reagent is usually used in a suitable ethereal solvent that has been rigorously dried and
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for this purpose TFDF was purified over sodium wire and benzophenone. Compounds 
that are slightly or sparingly soluble in the reaction solvent have been introduced using 
a Soxhlet extractor, however an attempt at introducing (p-N02)2dptaaH2 into THF by 
this method failed due to the compounds’ insolubility. The reduction was therefore 
repeated without Soxhlet extraction of the starting material:
Dry THF (150 cm3) and lithium aluminium hydride (0.304 g, 8.0 mmol) were added to 
a 250 cm3 round bottom flask against a flow of nitrogen, (/?-N02)2dptaaH2 (1.326 g,
2.5 mmol) was added and the suspension was refluxed for four hours. The suspension 
was seen to change colour from dark purple to dark green and after cooling the excess 
of LiAlH4 was decomposed by the slow addition of ethyl acetate (0.5 g, 5.33 mmol). 
The suspension was filtered in the air to yield a dark purple precipitate that was dried 
and decomposed by addition to a sodium hydroxide solution (10 M, 100 cm3) to 
remove the precipitated aluminium hydroxide. The resultant suspension was filtered
and the purple microcrystalline product (1.286 g) washed with ethanol and air-dried.
Analytical: Calculated for C30H26N6 : C, 76.58 ; H, 5.56 ; N, 17.86 %
Found: C, 77.20 ; H, 4.82 ; N, 17.71 %
Analysis of the IR spectrum of the product contained distinct N 02 absorption bands 
and showed it to contain unreacted (p-N02)2dptaaH2
4.2.2.2 Reduction Using Hydrazine and Palladised Charcoal
(i) Foreword. A general method for the reduction of aromatic nitro compounds to 
aromatic amines involves the use of hydrazine and a hydrogenation catalyst such 
palladium, platinum, nickel, iron or ruthenium.125’126 Catalytic hydrazine reductions 
often give yields of amines equal to or better than those obtained by other reductive 
methods. The method has been used to reduce polycyclic nitro compounds of low 
solubility such as 2-nitrofIuorene127 and 1-nitronaphthalene.128 Reduction involves the 
reaction of two moles of the nitro group with three moles of hydrazine (Scheme 4.3).
(/>N02)2dptaaH2 + 3N2FL{ ----------> (/?-NH2)2dptaaH2+ 3N2 + 4H20
Scheme 4.3 Possible reduction of (p-N02)2dptaaH2 with hydrazine
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Hydrazine (N2H4) is commercially available as hydrazine hydrate (N2H4H20) where
100 % N2H4 H20 is 64 % N2H4. Reductions are usually carried out in ethanol or 
methanol and involve the addition of a large excess of the reagent. The most common 
hydrogenation catalyst is either 5 % or 10 % palladium on charcoal.
(ii) Reduction o f (p-NO2) 2dptciaH2. A suspension of (p-N02)2dptaaH2 (1.326 g, 2.5
mmol) in ethanol (50 cm3) was added to a 100 cm3 round bottom flask fitted with a 
reflux condenser. The suspension was heated to 50 °C and 5 % palladised charcoal 
(0.02 g) moistened with ethanol added. Hydrazine hydrate (1.0 g, 0.02 mol) was added 
dropwise over ten minutes after which a further 0.02 g of moist palladised charcoal 
was added. The suspension was refluxed for four hours, cooled to room temperature 
and a dark purple product (1.315 g) filtered off, washed with ethanol and diethyl ether 
and dried. The product was not microanalysed as the IR spectrum showed it to be 
unreacted (p>-N02)2dptaaH2 which would be contaminated with palladised charcoal.
4.2.2.3 Reduction using Sodium Borohydride and Palladised Charcoal
(i) Foreword. Aromatic nitro and nitroso compounds are not normally reduced by 
sodium borohydride in aqueous or alcoholic solution. The presence of palladised 
charcoal, however, catalyses the reduction, the rate of which is proportional to the 
amount of catalyst present.129 The method is superior to the 'transfer hydrogenation' of 
aromatic nitro compounds with hydrazine and palladised charcoal, and as sodium 
borohydride is a milder reducing agent than lithium aluminium hydride it can be 
handled without problem in the air. The reagent is normally used in aqueous or 
alcoholic solutions where its stability is increased by the addition of alkali. It is usual to 
add the reagent in excess and destroy the excess by the addition of acid.
(ii) Reduction o f (p-NO2) 2dptaaH2. To a suspension of 5 % palladised charcoal (50 
mg) in water (5 cm3) was added sodium borohydride (0.378 g, 0.01 mol) in water (10 
cm3). A stream of nitrogen was bubbled through the mixture and a suspension of (p- 
N02)2dptaaH2 (1.326 g, 2.5 mmol) in 2 M sodium hydroxide (50 cm3) added. The 
suspension was refluxed for four hours, and, after cooling to room temperature, was
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neutralised by the addition of 3 M HC1 (pH meter) to destroy the excess of 
boro hydride. The suspension was filtered to yield a dark purple microcrystalline 
product (1.63 g) that was washed with ethanol and diethyl ether and dried at the pump.
As with the previous attempt at reduction the IR spectrum of this product showed only 
the presence of unreacted (/?-N02)2dptaaH2. This was not microanalysed due to 
contamination from palladised charcoal.
4.2.2.4 Reduction Using Tin(II) Chloride and Concentrated Hydrochloric Acid
(i) Foreword. Primary arylamines are generally prepared by the reduction of the nitro­
compound with tin and hydrochloric acid130 although as an alternative to metallic tin
the more soluble tin(II) chloride (SnCl2 2H20) may be employed. This reagent in 
concentrated HC1 has been used for the reduction of nitro-substituted 
tetraphenylporphyrins55 and a similar method, involving reaction under nitrogen, 
neutralisation with aqueous ammonia, and Soxhlet extraction of the product, was tried 
for the reduction of (/z-N02)2dptaaH2. The use of tin(II) chloride and concentrated 
hydrochloric acid theoretically requires three moles of tin(Il) to reduce one mole of 
nitro group, the tin(II) being oxidised to tin(IV) (Scheme 4.4).
2ArN02 + 6Sn2+ + 12H+ --------- ► 2ArNH2 + 6Sn4+ + 4H20
Scheme 4.4 The reduction of an aromatic nitro group using tin(II)
Thus, one mole of (/?-N02)2dptaaH2 will require 6 moles of SnCl2.2H20 for complete 
reduction, although it was found that a large excess (16-fold) of tin(Il) helped to 
dissolve the very insoluble (/?-N02)2dptaaH2. When reduction is complete, a complex 
amine chlorostannate may separate, which, although stable to basification with 
ammonia, may be decomposed with 5 %  sodium hydroxide to liberate the amine 
(Scheme 4.5). Enough alkali is added to dissolve the tin hydroxides formed.
[ArNH3]2 [SnCU]2' + 80IT ----------► ArNH2 + Sn032- + 6CT
Scheme 4.5 Liberation of the free amine
(ii) Reduction o f (p-NO2) 2dptaaH2. A suspension of (p-N02)2dptaaH2 (1.326 g, 2.5 
mmol) in concentrated hydrochloric acid (100 cm3) was added to a 500 cm3 three­
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necked round bottom flask and nitrogen was bubbled through for one hour. In a 
separate flask SnCl2.2H20  (4.5 g, 20 mmol, 8-fold excess) was dissolved in 
concentrated HC1 (150 cm3) and the solution also bubbled with nitrogen for one hour. 
The tin(II) chloride solution was added to the 500 cm3 flask and the resultant mixture 
heated at 75 - 80 °C in a hot water bath for four hours. A change in the colour of the 
suspension from purple to brown was noted but not all of the starting material 
dissolved completely. The hot water bath was replaced by a cold one followed by an 
ice bath and the mixture basified by the addition of concentrated ammonia (130 cm3 
Caution), maintaining a low temperature throughout, until a pH of 8 was recorded by 
universal indicator paper. White fumes and an orange precipitate were seen to form as 
the concentrated ammonia was added. The solution was exposed to the air, the orange- 
brown solid (1.697 g) filtered off, washed with 5 % NaOH (200 cm3) and water (100 
cm3) and dried at the pump.
The orange-brown product obtained was placed in the thimble of a Soxhlet extractor 
and extracted with chloroform (150 cm3) for four hours. The volume of the solvent 
was then reduced to approximately 50 cm3 on a rotary evaporator and the flask left to 
cool in the refrigerator. The solution was filtered to give a bright orange product 
(0.121 g) which was dried at the pump.
Analytical: Calculated for C30H26N 6 : C, 76.58 ; H, 5.56 ; N, 17.86 %
Found : C, 74.50 ; H, 5.55 ; N, 13.36 %
The first attempt at reduction of (p-N02)2dptaaH2 with SnCl2/HCl used an 8-fold 
excess of SnCl2 to (/>N02)2dptaaH2 and gave a reaction mixture in which the ligand 
did not completely dissolve. After neutralisation with aqueous ammonia and 
basification with NaOH, a mixture of an orange reduction product and the starting 
material was isolated. The low solubility of the product made the Soxhlet extraction 
difficult and only a small amount of the orange reduction product was isolated.
IR (KBr disc), v„iax/cm'1: 3354m (N-H stretch), 1621s (C=0 stretch), 1515s (C=C 
stretch).
lH NM R (d6-DMSO), SH/ppm: 7.8-6.7 (m, 8H, aromatic), 3.6-3.7 (m, 2H, NH2)
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Both *H NMR and IR spectra of the reduction product show the possible presence of 
NH2 groups, and the N 0 2 symmetric and asymmetric stretches have disappeared from 
the IR. The lH NMR spectrum is, however, extremely complicated and can only be 
accounted for by a break-up in the structure of the 14-membered tetraaza ring under 
the harsh reduction conditions.
The reduction was repeated using a large excess (16-fold) of tin(II) chloride. A one 
litre three-necked round bottom flask, fitted with a reflux condenser, was placed under 
vacuum and then under nitrogen. Against a flow of nitrogen, concentrated 
hydrochloric acid (250 cm3) and tin(II) chloride (9.0 g, 40 mmol, 16-fold excess) were 
added to give a pale green solution. Addition of (p-N02)2dptaaH2 (1.326 g, 2.5 mmol) 
resulted in a suspension that was heated at 75 - 80 °C for seven hours. As the 
suspension was heated the dark purple solid dissolved to give a clear, lime green 
solution which was left to cool under nitrogen and then basified by the addition of 
concentrated ammonia solution to a pH of between 10 and 12 by universal indicator 
paper. Care was taken to maintain a low temperature throughout this very exothermic 
reaction. The orange precipitate then formed (1.335 g) was filtered off, washed with 5 
% NaOH and water, and left to dry on the pump. The crude product gave very poor 
analyses which were improved by extraction with chloroform.
Analytical: Found : C, 35.72 ; H, 3.16 ; N, 6.38 %
The dark orange powder (1.0 g) was placed in a Soxhlet thimble and extracted with 
chloroform (150 cm3) for seven hours to give a dark orange solution which was 
reduced to 50 cm3 on the rotary evaporator. Then ethanol (40 cm3) added, reduced to 
approximately half volume and the solution left to cool in the refrigerator. Filtration 
gave a bright orange product (0.414 g) which was washed with chilled ethanol and 
dried at the pump.
Analytical: Calculated for C3oH26N 6 : C, 76.58 ; H, 5.56 ; N, 17.86 %
Found : C, 74.79 ; H, 5.77 ; N, 12.27 %
The low analytical results obtained may be due to contamination from the 
hexachlorostamiate and so the experiment was repeated shaking the product 
vigorously with a 5 % sodium hydroxide solution. The reaction was repeated using a
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16-fold excess of tin (1.326 g, 2.5 mmol of (p-N02)2dptaaH2 and 9.0 g, 40 mmol of 
SnCl2.2H20) and the apparatus was modified to allow nitrogen to be swept across the 
top of the condenser. The purple solid dissolved completely after about four hours 
giving a clear lime green solution which was heated for a further two hours. After 
neutralisation with NH4OH an orange precipitate was isolated at the pump, shaken 
vigorously with 5 % NaOH (200 cm3) and the product filtered off, washed with water 
(100 cm3) and dried at the pump to result in a light orange powder (9.114 g).
The orange powder (4.0 g) was Soxhlet extracted with chloroform (150 cm3) for five 
hours. The dark orange solution was reduced to 50 cm3 and an equal volume of 
ethanol added. On reduction of the solvent volume a dark orange product was isolated 
(1.143 g).
Analytical: Calculated for C3oH26N 6 : C, 76.58 ; H, 5.56 ; N, 17.86 %
Found : C, 67.66 ; H, 5.00 ; N, 12.24 %
The remainder of the orange powder (4.710 g) was shaken vigorously with 50 % 
NaOH (125 cm3) and was washed with water to give a dark brown product (0.362 g). 
This brown product was Soxhlet extracted with 150 cm3 of chloroform for six hours to 
give a dark orange solution. The orange solution was treated as above to give a finely 
divided orange product (0.251 g).
Analytical: Calculated for C3oH26N 6 : C, 76.58 ; H, 5.56 ; N, 17.86 %
Found: C, 68.92 ; H, 5.12 ; N, 13.18%
Attempts at reduction using a 16-fold excess of SnCl2 over (p-N02)2dptaaH2 looked, 
at first sight, more successful, with all of the ligand dissolving to give a clear, lime 
green solution. However, the large excess of tin(II) required made the work-up of the 
reaction troublesome, the low solubility of the product making it difficult to separate it 
from the tin salts. After neutralisation with ammonia the product is probably 
precipitated as its amine chlorostannate, [(NH3)2dptaaH2]2+[SnCl6]2", which can be 
filtered off along with the insoluble tin hydroxide. The amine chlorostannate is then 
shaken vigorously with 5 %  NaOH to give the free amine.
The analysis of the crude product is very low in C,H and particularly N  indicating 
either contamination with tin salts or incomplete conversion from the amine
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chlorostannate. All attempts at suspending the product in an aqueous phase and 
extracting with organic solvent failed and so the solid was isolated and purified by 
Soxhlet extraction. After a seven hour extraction with chloroform about half the solid 
had been taken into solution and was isolated as an orange powder.
IR (KBr disc), Vnuw/cm"1: 3352m (N-H stretch), 1620s (C=0 stretch).
XH NMR (rfrf-DMSO), bii/ppm: 7.8-6.7 (m, 8H, aromatic), 3.6-3.7 (m, 2H, NH2)
The analysis of this product was much the same as the one above. Although the 
reduction appears to occur the product isolated is not a macrocyclic compound and is 
a mixture of products from the decomposition of the macrocycle.
4.2.2.5 Reduction Using Titanium Chloride
(i) Foreword’ Titanium(III) chloride has been used to reduce a number of aromatic 
nitro-compounds to aromatic amines in good yields.131,132 The reduction is very mild 
and does not affect easily reducible groups, such as nitrile. In this respect it is superior 
to catalytic hydrogenation in achieving selective reduction. The method employs less 
drastic conditions making it preferable to methods based on Sn and H+ in which 
concentrated acids are used.
The method employed is to dissolve the nitro compound in a small amount of toluene 
and add this to an aqueous solution of TiCl3. The suspension is stirred under reduced 
pressure for 16 hours at room temperature, basified and extracted with chloroform to 
give the pure amine once the solvent has been removed. Modification in an attempt to 
reduce the highly insoluble (/z-N02)2dptaaH2 could involve suspending the solid in 
different solvents or Soxhlet extraction again with different solvents.
(ii) Reduction o f (p-NO2) 2dptaciH2. The dark purple microcrystalline (p- 
N0 2)2dptaaH2 was added to a 100 cm3 three-necked round bottom flask against a flow 
of nitrogen, and a 10 % by weight solution of TiCl3 in 20 - 30 %  by weight HC1 (25 
cm3) was added. The flask was evacuated and the solution was stirred under nitrogen 
for 16 hours before a small portion of the solid was filtered off quickly in the air, 
washed with ethanol and air dried. The solid was found to be starting material so the
Chapter 4 Synthetic Routes to Nov Tetraaza[14)annulenes 107
flask was quickly placed under nitrogen, toluene (25 cm3) was added and the contents 
again stirred under vacuum for 12 hours, after which all the solid was filtered off and 
again found to be starting material.
4.2.2.6 Substitution Using Sodamide : Amino-de-halogenation
(i) Foreword. A previous attempt to form the amino-substituted product 7,16-(/?- 
NH2)2taaH2 using liquid ammonia as the nucleophile failed. It was hoped that by using 
sodamide (NaNH2) the stronger nucleophile (NH2") would result in a more effective 
substitution.133 The reaction was attempted using sodamide prepared in liquid ammonia 
on (p-Br)2dptaaH2 and 7,16-(Br)2taaH2. Sodamide (95 %, Aldrich) added to liquid 
ammonia and a suspension of sodamide in toluene were also used unsuccessfully in the 
substitution of Co-7,16-(Br)2taa.134
(ii) Substitution o f (p-Br)2dptaaH2. A clean piece of sodium metal (0.06 g) was 
added to a double sided boiling tube containing liquid ammonia (40 cm3, condensed 
from gaseous ammonia in a gas trap immersed in liquid nitrogen) and a catalytic 
amount of iron(III) nitrate added. The solution was seen to turn dark blue and then 
form a dark grey suspension of sodamide. To the suspension was added (p- 
Br)2dptaaH2 (0.598 g, 1 mmol) and the solution stirred for four hours. Before all the 
ammonia had evaporated, solid ammonium chloride (0.03 g) was added to destroy the 
excess of sodamide. After the liquid ammonia had evaporated the solid was suspended 
in water, filtered and washed with a large amount of water (100 cm3) and ethanol (20 
cm3). The product (0.33 g) was isolated as a light tan powder which was dried in a 
vacuum oven at 85 °C overnight.
There is evidence that substitution may have occurred when (/?-Br)2dptaaH2 was r
reacted with sodium amide generated in situ. Although the IR and analytical results are 
similar to those of the starting material, the increase in solubility of the product enabled 
analysis by !H NMR spectroscopy. Although the peaks are broad, the spectrum shows
Analytical: Calculated for C3oH26N6 :
Found :
Analytical: Calculated for C3oH22N4Br2 :
C, 76.58 ; H, 5.56; N, 17.86% 
C, 62.18 ;H, 3.85 ; N, 10.29% 
C, 60.22 ;H, 3.70; N, 9.36%
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the presence of aromatic protons and possibly those for aromatic amines. In 
conclusion, the product is mainly starting material and very long reaction times would 
be required if the reaction were to be put to preparative use.
IR (KBrdisc), Vmax/cm'1: 1632s, 1587m, 1580m, 1531m, 1456s, 1322w. 
lB NM R (4D M SO ), 8H/ppm: 9-7 (m, broad), 5.5 (s, broad).
(iii) Substitution of7,16-(Br)2taaH3. A similar method was used for this reaction. On 
the addition of 7,16-(Br)2taaH2 brown fumes of bromine gas were seen possibly 
indicating a radical reaction and the orange product (0.202 g) was isolated as above.
Analytical: Calculated for CibHi8N6 : C, 67.91 ; H, 5.70 ; N, 26.40 %
Found: C, 51.67 ; H, 3.28 ; N, 13.28 %
Analytical: Calculated for Ci8Hi4N 4Br2: C, 48.45 ; H, 3.17 ; N, 12.56 %
The substitution of 7,16-(Br)2taaH2 produced orange fumes indicating reaction, but 
resulted in a product with an analysis similar to that of the starting material. This was 
confirmed by both *H NMR and IR spectroscopy.
Due to the lack of success of the reactions on pre-formed macrocycles attempts were 
made to prepare novel ligands by a different approach. This involved preparing starting 
materials which would give new ligands after cyclisation.
4.3 Synthesis of Starting M aterials Using V ilsm eier-Haack-Arnold  
Acylatioes
4.3.1 Introduction
4.3.1.1 Vilsmeier-Haack-Arnold Acylations
The use of the electrophilic reagent prepared from the addition of POCl3 to DMF in 
aromatic substitution reactions is well documented.135 These so-called Vilsmeier- 
Haack reactions are valuable synthetic routes for introducing aldehyde functions into 
activated aromatic and heteroaromatic rings, for example, in the synthesis of p- 
dimethylaminobenzaldehyde136 and 2-pyrrolealdehyde.137
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It was largely, however, due to the work of Arnold138,139 that the reactive species was 
shown to effect smooth substitution reactions in a great number of pure aliphatic 
substrates, often in complex multi-step reactions. Reactions of this type are best 
referred to as Vilsmeier-Haack-Arnold acylations.140
4.3.1.2 Chloromethyleniminium Salts
The addition of POCI3 to DMF (Scheme 4.6) results in the formation of the 
chloromethyleniminium salt (D).141 The formation of the iminium ion (A) is a reversible 
process and the following equilibria favours the formation of D due to the good 
nucleophilicity of Cf and leaving tendency of PO2CI2’.
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Scheme 4.6 Reaction of DMF with POCl3
4.3.1.3 Reaction of Chloromethyleniminium Salts with Carboxylie Acids
The formylation of substituted acetic acids RCH2COOH, where R is an aromatic or 
heterocyclic ring, halogen, carboxyl or some other substituents, is a valuable technique 
for the preparation of substituted iminium salts, P-dimethylaminoaeraldehydes and 
malonaldehydes.142 A mechanism for the reaction has been suggested when R is a 
phenyl ring (Scheme 4.7) and first involves attack of the chloromethyleniminium cation 
on the carboxylic oxygen of the acetic acid (A) to form the acid chloride (B) and an 
equivalent of DMF. Reversible loss of HC1 may generate the aldoketene (C), provided 
that the substituent promotes the abstraction of a proton. The highly nucleophilic 
ketene immediately adds an equivalent of the chloromethyleniminium cation forming
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the 3-dimethylaminoacryl chloride (D). This then adds DMF and undergoes 
intramolecular substitution with elimination of C02 to yield the iminium salt (F).
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Scheme 4.7 Formylation of phenylacetic acid
The work-up of the reaction is in the control of the chemist. In many cases the iminium 
salt (F) may be isolated or hydrolysed under mild conditions to the a-substituted-(3- 
dimethylaminoacraldehyde (G). Further hydrolysis to the (3-dialdehyde (H) can occur 
under more alkaline conditions.
4.3.2 Experimental, Results and Discussion
4.3.2.1 Acylation of p-Aminophenylacetic Acid and 
p-Aminophenylacetic Acid Hydrochloride
(i) Foreword. An unsuccessful attempt at the formylation of //-aminophenylacetic acid 
has been reported. Activation of the benzene ring could result in addition of the 
chloromethyleniminium cation here and not on the side-chain and the electrophilic
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reagent could react directly with the primary amine. The amino acid hydrochloride was 
prepared, but no attempt was made at a formylation reaction.
(ii) Synthesis o f p-Aminopheny/acetic Acid Hydrochloride. To /?-aminophenylacetic 
acid (0.03 mol, 4.53 g) was added 3 M HC1 (30 cm3) and the resultant solution heated 
until the amino acid had dissolved. The solution was gently heated under reflux for one 
hour, left to cool and the solvent removed on a rotary evaporator to give a cream 
product. This was dried as far as possible on the rotary evaporator, transferred to a 
vacuum pistol and dried at 50 °C under vacuum overnight (5.136 g, 92 %).
IR (KBr disc), v^x/cm'1: 2954m (NH3+ stretch), 2589m (NH3+ stretch), 1692s (C=0 
stretch).
lH NM R  (D20 ), fin/ppm: 7.4 (dd, 4H, CH benzene) 4.2 (s, broad, 3H, NH3+) 3.6 (s, 
2H, CH2)
4.3.2.2 Acylation of 4-Pyrrolephenylacetic Acid
(i) Foreword. Two methods were used to prepare 4-pyrrolephenylacetic acid. The 
first method (1) was derived from the synthesis of pyrrolacetic acid143 and involves 
refluxing 2,5-dimethoxytetrahydrofuran in acetic acid (Scheme 4.8). The second 
method (2) was that of Clauson-Kaas (Scheme 4.9), used to prepare 4-pyrrolebenzoic
Analytical: Calculated for CgHioNChCl:
Found :
C, 51.22 ;H, 5.37; N, 7.47% 
C, 50.83 ; H, 5.36 ; N, 7.27%
(ii) Synthesis o f 4-Pyrrolephenylacetic Acid by Method 1. 
O o
MeO' O OMe
NH.
Scheme 4.8 Synthesis of 4-pyrrolephenylacetic acid
Chapter 4 Synthetic Routes to New Tetraaza[14]annulenes 1 1 2
To a boiling solution of sodium acetate (10 g) in acetic acid (100 cm3) was added p- 
aminophenylacetic acid (7.558 g, 0.05 mol) resulting in a light brown solution. To this 
was added 2,5-dimethoxytetrahydrofuran (6.608 g, 0.05 mol). The solution darkened 
rapidly and was boiled for a further minute. The reaction mixture was poured onto ice 
(200 cm3) and extracted with ethyl acetate (150 cm3). The aqueous layer was further 
extracted with two smaller (50 cm3) portions of ethyl acetate and the combined organic 
extract was washed with saturated sodium chloride solution (100 cm3) and dried over 
anhydrous magnesium sulphate overnight. The drying agent was removed and the 
solution taken to dryness on a rotary evaporator to yield a light brown product, which 
was recrystallised from chloroform to give cream coloured crystals (7.365 g, 73.2 %).
Analytical: Calculated for C12HnN02: C, 71.61; H, 5.52; N, 6.96 %
Found : C, 71.64; H, 5.42; N, 6.93 %
IR (KBr disc), 2500-3400w (O-H stretch), 1718s (C=0 stretch), 1694s
(C=C stretch pyrrole), 1615s (C-C stretch benzene), 1532s (C-C stretch benzene), 
812m (C-H out of plane bend 1,4-disubstituted benzene).
NM R (^ D M S O ), 5H/ppm: 12.4 (s, 1H, COOH), 7.6 (d, 2H, CH pyrrole), 7.4 (d, 
4H, CH benzene), 6.3 (d, 2H, CH pyrrole), 3.6 (s, 2H ,CH2).
(Hi) Synthesis o f 4-Pyrrolephenylcicetic Acid by Method 2
Scheme 4.9 Synthesis of 4-pyrrolephenylacetic acid by the method of Clauson-Kaas
(Hia) Synthesis o f p-Aminophenylacetic Acid Ethyl Ester Hydrochloride. To a 250 
cm3 round bottom flask was added a suspension of /z-aminophenylacetic acid (1.51 g, 
0.01 mol) in ethanol (100 cm3). The temperature was lowered to 0 °C and dry HC1 gas 
was bubbled through the solution until all of the solid had dissolved to give a dark 
brown solution. The solution was reduced on the rotary evaporator to yield a light
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brown product that was recrystallised from ethanol and diethyl ether to give cream
coloured crystals which were dried at the pump (1.72 g, 80 %).
Analytical: Calculated for C10H 14NO2C I: C, 55.68 ; H, 6.54 ; N, 6.49 %
Found: C, 55.73 ; H, 6.48 ; N, 6.51 %
IR (KBr disc), vmax/cm'1: 2585m (NH3+ stretch), 2008m (NH3+ stretch), 1718s (C=0  
stretch), 1625s (C-C stretch benzene), 1578s (N-FI bend of NH3+), 825m (C-H out of 
plane bend 1,4-disubstituted benzene).
lH NM R (D20), SH/ppm: 73-1.6 (m, 4H, CH aromatic), 4.3 (q, 2H, CH2CH3), 3.4 (s, 
2H, CH2C=OEt), 1.3 (t, 3H, CH3),
(iiib) Synthesis o f 4-Pyrrolephenylacetic Acid Ethyl Ester. To a boiling solution of 
sodium acetate (2.5 g) in glacial acetic acid (20 cm3) was added /?-aminophenylacetic 
acid ethyl ester hydrochloride (1.29 g, 6 mmol) and 2,5-dimethoxytetrahydrofuran 
(0.793 g, 6 mmol). The dark brown solution was refluxed for a minute before being 
decomposed on ice (50 cm3) and extracted with ethyl acetate (25 cm3). The aqueous 
layer was re-extracted with two smaller portions of ethyl acetate and the combined 
organic layers washed with saturated sodium chloride and dried over magnesium 
sulphate. After removal of the drying agent, rotary evaporation gave a brown oil which 
was vacuum distilled. At a temperature of 141 °C and a pressure of 0.1 torr a light 
yellow liquid distilled off which on cooling gave a cream solid (0.53 g ,  38 %).
Analytical: Calculated for Ci4Hi5N 0 2 : C, 73.33 ; H, 6.61 ; N, 6.1 1 %
Found: C, 73.26 ; H, 6.60 ; N, 6.17 %
IR (KBr disc), Vmm/cm-1: 1720s (C=0 stretch), 1698s (C=C stretch pyrrole), 1628s 
(C-C stretch benzene), 810m (C-H out of plane bend 1,4-disubstituted benzene).
N M R  (CDCE), 6H/ppm: 7.4 (s, 4H, CH benzene), 7.1 (d, 2H, CH pyrrole), 6.4 (d, 
2H, CH pyrrole), 4.2 (q, 2H, CKLCHb), 3.6 (s, 2H, C I^CO Et), 1.3 (t, 3H, CH^CH,).
(iiic) Syntheses o f 4-Pyrrolephenylacetic Acid. Potassium hydroxide (0.14 g, 2.5 
mmol) was added to 10 cm3 of ethanol/water (1:1), the 4-pyrrole ester (0.45 g, 2.0 
mmol) added and the mixture stirred at room temperature for 2 hours. The solution 
was neutralised with 1 M aqueous HC1, the ethanol distilled off and replaced with
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water, and the mixture acidified to pH 1.5 with aqueous 1 M HC1. The solution was 
extracted with chloroform and the combined extracts evaporated to dryness to give a 
solid crystalline product that was recrystallised from 1:1 diethyl ether/hexane and dried 
at the pump (0.241 g, 48 %).
Analytical: Calculated for Ci2HnN02 : C, 71.61 ; H, 5.52 ; N, 6.96 %
Found : C, 71.66 ; H, 5.53 ; N, 6.92 %
The synthesis of 4-pyrrolephenylacetic acid was successful by two methods (Section 
4.3.2.2). Both methods give a pure product, although the first method is preferred and 
was used to scale up the reaction because it is simpler and results in a higher yield.
(iv) Acylalion o f 4-Pyrrolephenylacetic Acid. To a 100 cm3 three-necked round 
bottom flask fitted with a reflux condenser and thermometer was added POCI3 (4.616 
g, 0.03 mol) and DMF (3.658 g, 0.05 mol), with stirring. To the straw coloured 
solution was added 4-pyrrolephenylacetic acid (2.012 g, 0.01 mol) and the flask cooled 
to maintain a temperature below 70 °C. The reaction mixture was heated with stirring 
for 6 hours at 70 °C, then decomposed by ice (150 cm3) and hydrolysed by solid 
potassium carbonate until the effervescence stopped and the pH was between 10 and 
12. The product was extracted with toluene and the combined extracts dried over 
magnesium sulphate overnight after which the solution was reduced on the rotary 
evaporator to result in a dark brown viscous oil. An attempt at vacuum distillation 
failed with the oil solidifying and charring.
The procedure was repeated using larger amounts of reactants (POCI3, 11.500 g, 
0.075 mol; DMF, 9.136 g, 0.125 mol; 4-pyrrolephenylacetic acid, 5.031 g, 0.025 mol) 
and an improved drying procedure. However, on removal of the solvent, the same 
viscous tar was produced which could not be purified by vacuum distillation or on 
shaking with diethyl ether.
Since no product could be isolated the tar itself was analysed by *H NMR and IR 
spectroscopy but its nature could not be determined. The *H NMR spectrum shows 
many aromatic absorptions in the 7.0 - 8.0 ppm region but nothing above 8.2 ppm. It 
also shows a number of unassigned peaks in the methyl group region. Pyrrole, due to 
high electron density throughout the ring, is considerably more susceptible to
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electrophilic attack than benzene. Substitution is favoured in the a position of the ring 
and pyrrole and TV-substituted pyrroles are therefore readily formylated under mild 
conditions. It is probably for this reason that the synthesis of a-7-pyrrolephenyl-P- 
dimethylaminoacraldehyde failed. The TV-substituted-2-pyrrolealdehyde could not be 
identified in the tar which is probably a mixture of reaction products.
4.3.2.3 Acylation of 4-Succinimidephenylacetic Acid
o
o
OH O
X T
o
o
OH
X T
A
Scheme 4.10 Synthesis of 4-succinimidephenylacetic acid
B
(i) Foreword. Addition of succinic anhydride to p-aminophenylacetic acid results in 
the succinamic acid (Scheme 4.10A). Treatment of this with acetic anhydride results in 
ring closure to the succinamide (Scheme 4.1 OB) which is a starting material for an 
acylation reaction. The succinimide is a precursor to the pyrrole group offering 
protection at the a-positions and can be converted (Scheme 4.11) after the formylation 
reaction or once the macrocycle has been formed.
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Scheme 4.11 Conversion of succinimide group to pyrrole group
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(ii) Synthesis of the Succinamic Acid. To a solution of /?-aminophenylacetic acid 
(4.535 g, 0.03 mol) in glacial acetic acid (100 cm3) was added succinic anhydride 
(3.002 g, 0.03 mol) and the mixture heated under reflux for half an hour. The reaction 
mixture was cooled, a light brown crystalline product (5.652 g, 75 %) filtered off, 
recrystallised from glacial acetic acid and dried at the pump.
IR (KBr disc), vmM/cm"’: 3300-2500w (O-H stretch), 3229m (N-H stretch), 1728s 
(C=0 stretch), 1690s (C=0 stretch), 1631s (C=0 stretch).
!H NM R (rttf-BMSO), Sti/ppm: 12.2 (s, 2H, OH 2x carboxylic acid), 9.9 (s, 1H, NH),
7.5 (d, 1H, CH aromatic), 7.3 (d, 1H, CH aromatic), 7.2 (t, 2H, CH aromatic), 3.6 (s, 
2H, CH2 succinamic acid), 3.5 (s, 2H, CH2 succinamic acid), 2.7 (s, 2H, CH2, 
phenylacetic acid).
(iii) Synthesis of 4-Succinimidephenylacetic acid. The succinamic acid (1.256 g, 5 
mmol) was added to acetic anhydride (1.0 g, 0.01 mol) and heated under reflux for 10 
minutes. Water (40 cm3) was added and the solution heated to boiling. After cooling in 
the refrigerator overnight light yellow crystals (0.751 g, 64 %) were filtered off, 
recrystallised from 1:1 ethanol/water and dried in a desiccator.
Analytical: Calculated for CuHuNO# : C, 61.80 ; H, 4.76 ; N, 6.07 %
IR (KBr disc), Vnua/cm'1: 3200m (O-H stretch), 1732s (C=0 stretch succinimide), 
1718s (0=0  stretch phenylacetic acid), 1635m (C-C stretch).
lH NM R (A D M S O ), 5H/ppm: 8.3 (s,lH, COOH), 7.4 (d, 2H, CH aromatic), 3.6 (s, 
2H, CH succinimide), 2.7 (s, 2H, CHV).
(iv) Scale-Up of the Synthesis of p-Succinimidephenylacetic acid. To a solution
of /7-aminophenylacetic acid (4.535 g, 0.03 mol) in glacial acetic acid (50 cm3) was 
added succinic anhydride (3.002 g, 0.03 mol). The mixture was heated under reflux for 
30 minutes and cooled to give a light brown crude product that was filtered off and 
treated with acetic anhydride as follows. The light brown product (7.54 g) was added
Analytical: Calculated for CaHnNOs
Found :
C, 57.37 ;H, 5.21; N, 5.57% 
C, 57.64 ; H, 5.00; N, 5.60%
Found : C, 61.59 ;H, 4.80 ; N, 5.93%
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to acetic anhydride (6 cm3) and the solution heated to boiling. After cooling in the 
refrigerator overnight the product (2.935 g ,  42 %) was filtered off, recrystallised from 
1:1 ethanol/water and dried in the desiccator.
Analytical: Calculated for C 12H 11NO4 : C, 61.80 ; H, 4.76 ; N, 6.07 %
Found: C, 61.72 ; H, 4.81 ; N, 5.98 %
(v) Acylation of 4-Succinimidephenylacetic Acid. A  100 enr' round bottom flask
was equipped with a condenser, a thermometer and a nitrogen inlet and was charged 
with DMF (3.658 g, 0.05 mol) and POCl3 (4.616 g, 0.03 mol). The resultant solution 
was stirred for 20 minutes and 4-succinimidephenylacetic acid (2.33 g, 0.01 mol) 
added, with external cooling to maintain a temperature below 70 °C. The solution was 
stirred at 70 °C for six hours before being decomposed by ice (100 cm3) and 
hydrolysed with solid K2CO3. The dark orange colouration in the solution produced 
could not be extracted with dichloromethane, ethyl acetate or hot toluene. Addition of 
1:1 ethanol/toluene extracted the product and the combined extracts were dried over 
magnesium sulphate overnight. The drying agent was then filtered off and the solution 
taken to dryness to yield a dark orange powder (1.559 g, 57 %).
Analytical: Calculated for Ci5Hi6N20 3 : C, 66.17 ; H, 5.92 ; N, 10.29 %
Found: C, 51.05 ; H, 6.58 ; N, 11.17%
The reason for the failure of this reaction is not known. The acylation reaction at first 
proceeds well, although because of the nature of the reaction it is difficult to check if it 
has gone to completion. Work-up with KOH results in a dark orange solution which 
cannot be extracted in the usual way, suggesting incomplete hydrolysis of the iminium 
salt. The LH NMR spectrum of the dark orange product shows the presence of the 
succinimide ring (5 = 3.3 ppm), but not of the expected methyl substituents. It also 
shows multiple absorptions in the aromatic region (8 = 7.0 - 8.0 ppm). Two signals 
greater than 8.5 ppm may be due to unreacted carboxylic acid, which could be 
responsible for broad O-H absorptions in the IR spectrum. The exact nature of the 
product was therefore not determined; although it is believed to be a mixture and no 
attempt was made at further purification.
4.3.2.4 Acylation of 4-Acetamidophenylacetic Acid
(i) Foreword. The action of acetic anhydride on /z-aminophenylacetic acid results in 
the acetyl derivative (Scheme 4.12) which could be another starting material for a 
Vilsmeier-Haack-Arnold acylation.
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O
Scheme 4.12 Synthesis of 4-acetamidophenylacetic acid
(ii) Synthesis of 4-Acetamidophenylacetic Acid. A portion of p-aminophenylacetic 
acid (7.558 g, 0.05 mol) was refluxed gently with acetic anhydride (12 g, 0.117 mol) 
for 10 minutes. The mixture was allowed to cool and poured onto cold water (100 
cm3) which was boiled to decompose the excess of acetic anhydride. The remaining 
light orange solution was cooled, reduced to 40 cm3 on a rotary evaporator and left 
overnight in the refrigerator. A  light orange product was recrystallised from 1:1 
ethanol/water to give orange crystals which were washed with a little chilled ethanol 
and dried at the pump (6.905 g, 71 %).
Analytical: Calculated for CioHuNOs: C, 57.84 ; H, 3.79 ; N, 12.65 %
Found : C, 57.91 ; H, 3.84 ; N, 12.62 %
IR (KBr disc), Vmax/cm'1; 3200m (N-H stretch), 3 000-25OOw (O-H stretch), 1662s 
(C=0 stretch amide), 1620s (C=0 stretch phenylacetie acid).
NM R  (CDC13), 6/nppm: 9.7 (s, 1H, NH), 8.3 (s, 1H, COOH), 7.3 (d, 4H, CH 
aromatic), 2.7 (s, 2H, CH2), 1.9 (t, 3H, CH3).
(Hi) Acylation of 4-Acetamidophenylacetic Acid. To POCl3 (15.33 g, 0.1 mol) and
DMF (12.18 g, 0.167 mol) was added 4-acetamidophenylacetic acid (6.433 g, 0.033 
mol) with cooling to maintain a temperature of below 70 °C. The solution was heated 
at 70 °C for six hours and then poured onto ice (100 cm3) in a 1 litre beaker. Solid
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K2C03 was added until the pH was between 10 and 12 and the product extracted with 
three 100 cm3 portions of dichloromethane. The combined dichloromethane extracts 
were dried over magnesium sulphate, reduced in volume to 30 cm3 and allowed to cool 
overnight. No product was seen to precipitate and so the solvent was removed on the 
rotary evaporator to give a black viscous oil. Addition of diethyl ether resulted in a 
dark orange powder (0.963 g) that was filtered off, washed with diethyl ether and 
dried.
Analytical: Calculated for CiiHi6N 20 4 : C, 63.44 ; H, 7.74 ; N, 13.45 %
Found : C, 60.60 ; H, 5.73 ; N, 11.20 %
The exact nature of the orange powdered product is not known. The infrared spectrum 
of the product shows a large absorption band in the 3600 - 3000 cm'1 region. This 
would suggest that the formylating species has not attacked the carbon a  to the 
carboxylic acid as the hydroxyl group is still present. The 'H NMR spectrum of the 
product was recorded in <76-DMSO. The spectrum is not that expected for the desired 
product and shows no peaks in the aromatic region. The only large peak (8 = 3.3 ppm) 
could not be accounted for but is probably due to methyl group protons. It is possible 
that the POCl3 will attack the acetyl group in preference to DMF and result in a 
mixture of products.
4.3.2.5 Acylation of Glycine
(i) Foreword. Aminomalonaldehyde is unstable, but can be isolated as its acetyl 
derivative. The Vilsmeier-Haack-Arnold acylation of glycine145 results in a product that 
can be isolated as the diperchlorate salt (Scheme 4.13A). Base hydrolysis and 
treatment with acetic anhydride results in the acetamidomalonaldehyde (Scheme 
4.13B) which is a starting material for a cyclisation reaction. The diperchlorate salt 
may also be converted to the monoperchlorate salt (Scheme 4.13C) which upon mild 
hydrolysis with carbonate and treatment with acetic anhydride leads to the a- 
acetamido-P-dimethylaminoacraldehyde (Scheme 4.13D)
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Scheme 4.13 Formylation of glycine and isolation of acetyl derivatives of aminomalonaldehyde
(ii) Synthesis o f Diperchlorate (A). Caution: Organic perchlorate salts are
generally unstable to heat and shock and should be handled with care. Phosphorus 
oxychloride (46.16 g, 0.3 mol) was added dropwise under stirring and ice cooling to 
DMF (60 cm3), against a flow of nitrogen. The mixture was stirred for 20 minutes at 
room temperature and was again cooled with ice. Glycine (7.507 g, 0.1 mol) was 
added and the whole heated at 80 °C for four hours and 125 °C for two hours. The 
mixture was cooled and decomposed by pouring onto water (50 cm3), maintaining the 
temperature at 15 - 20 °C. Perchloric acid (70 %, 20 cm3) was then added at -10  °C 
and the mixture cooled to -35 °C under continuous stirring and kept at this 
temperature for two hours. The precipitate that formed was collected by suction and 
was washed three times with a small amount of chilled ethanol. The product (14.35 g, 
36 %) was recrystallised from methanol to result in large dark black crystals that were 
dried at the pump. The black colouration in the product is believed to be from 
decomposition of the unstable perchlorate.
Analytical: Calculated for C 10H22N 4O8CI2 : C, 30.24 ; H, 5.58 ; N, 14.11 %
Found : C, 30.83 ; H, 5.52 ; N, 14.05 %
IR (KBr disc), vmax/cm'1: 3248m (N-H stretch iminium ion), 1710s (C=N stretch), 
1618s (C=C stretch), 1084s (C-N stretch).
lH NM R (D 20 ), bn/ppm: 8.0 (s,lH, =CH-), 7.5 (s, 2H, =CH-), 3.3 (q, 18H, CH3).
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(iii) Scale-Up of the Synthesis of the Diperchlorate. The synthesis of the diperchlorate 
was repeated on twice the scale above (POCI3 (92.32 g, 0.6 mol), DMF (120 cm3), 
glycine (15.01 g, 0.2 mol)). The reaction mixture was heated in a 500 cm3 round 
bottom flask and decomposed by pouring onto water in a 1 litre round bottom flask. 
The mixture was cooled using dry ice/acetone and perchloric acid (70 % 40 cm3) 
added. After cooling at -35 °C for two hours a light brown product precipitated and 
was filtered off in small portions to maintain the low temperature. The separate 
portions were combined, recrystallised from methanol and dried at the pump (32.84 g, 
42 %).
Analytical: Calculated for Ci0H22N 4O8Cl2 : C, 30.24 ; H, 5.58 ; N, 14.11 %
Found : C, 29.88 ; H, 5.73 ; N, 13.70 %
(iv) Synthesis of the Monoperchlorate (C). The diperchlorate (9.925 g, 0.025 mol) 
was dissolved in a refluxing mixture of ethanol (75cm3) and triethylamine (5 cm3) and 
refluxed for 5 minutes. The resulting solution was filtered through a small amount of 
activated charcoal whilst warm and left to cool in the refrigerator. A cream coloured 
crystalline product was filtered off, washed with a little chilled ethanol and diethyl 
ether and dried at the pump (4.237 g, 56 %).
Analytical: Calculated for C i0H2iNC1O4 : C, 40.48 ; H, 7.13 ; N, 18.88 %
Found: C, 39.34 ; H, 7.17 ; N, 18.15%
IR (KBr disc), Vmax/cm"1: 1660s (C=N stretch), 1628s (C=N stretch), 1578s (C=C
stretch), 1072s (C-N stretch).
XH NM R (D20), 8H/ppm: 7.8 (s, 1H, =CH-), 7.3 (s, 2H, =CH-), 3.2 (t, 18H, CH3)
(v) Synthesis of Acetamidomalonaldehyde (B). The diperchlorate (3.97 g, 0.01 mol) 
and 2 M  NaOH (30 cm3) were heated at 60 °C for four hours. The solution was cooled 
and the liberated dimethylamine removed by stirring the solution under the vacuum of 
a water pump for one hour. The remaining solution was diluted with additional 2 M  
NaOH (20 cm3), cooled and treated dropwise with acetic anhydride (6.125 g, 0.06 
mol). The reaction mixture was acidified to pH 3 with dilute H2S04 and extracted with 
seven 30 cm3 portions of dichloromethane. (The dark black colour in the aqueous 
phase is not extracted.) The combined dichloromethane extracts were washed with
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water (50 cm3) and dried over magnesium sulphate. The drying agent was filtered off 
and the solvent removed on the rotary evaporator to yield a light brown powdered 
product (0.273 g, 22 %).
Analytical: Calculated for C5H7NO3 : C, 46.51 ; H, 5.46 ; N, 10.85 %
Found: C, 46.55 ; H, 5.55 ; N, 10.58 %
IR (KBr disc), vmax/cm'1: 3000-2700m (O-H stretch), 3282m (N-H stretch), 1664s 
(C=0 stretch amide), 1644s (C=0 stretch P-dialdehyde).
‘H NMR (CDCh), 8H/ppm: 13.1 (d, 1H, OH), 8.9 (d, 1H, CH), 7.8 (s, 1H, NH), 6.9 
(d, 1H, CH), 2.3 (s, 3H, CH3).
(vi) Synthesis of a-Acetamido-p-dimethylaminoacraldehyde (D). The intention was 
to use C in the preparation of D and cyclise D with OPD to form the acetamido- and 
then the amino-substituted TAA. However further work was concentrated on the (p- 
NH2)2dptaaH2 system except for an unsuccessful attempt to cyclise 
acetamidomalonaldehyde as below.
(vii) Attempted Cyclisation of Acetamidomalonaldehyde (B). A  solution of o- 
phenylenediamine (0.541 g, 5 mmol) in ethanol (5 cm3) was added to a 50 cm3 round 
bottom flask, acetamidomalonaldehyde (0.645 g, 5 mmol) was added and the solution 
heated under gentle reflux for four hours. The clear orange reaction mixture was 
cooled in the refrigerator overnight, but no product precipitated. The solution was 
taken to dryness on a rotary evaporator resulting in a clear brown liquid.
The clear brown liquid that was isolated did not contain a cyclic product. The infrared 
spectrum of shows N-H absorptions of the uncyclised o-phenylenediamine and the *H 
NMR spectrum shows the presence of both starting materials. Conditions for the 
condensation reaction could be changed by using other solvents of higher boiling point.
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4.4 Synthesis V ia  1,5-Benzodiazepinium Salts
4.4.1 Introduction
OMe
NH,
NH,
Scheme 4.14 Synthesis of Nitaa via the 1,5-benzodiazepinium salt
According to Cutler and Dolphin,72 an alternative synthesis of the unsubstituted Nitaa 
is to reflux the 1,5-benzodiazepinium salt, in the presence of nickel(II) acetate, in 
aqueous DMF (Scheme 4.14). Although the yield is low (20 %), the reaction is of 
interest as 1,5-benzodiazepinium salts offer a soluble precursor to Mtaa type 
complexes and possibly to taaBb type ligands. 1,5-Benzodiazepinium salts are not very 
stable and readily undergo ring opening of the seven-membered ring when heated in 
aqueous solution.146 The initial product of hydrolysis is the monoanil, formed from ring 
opening at a single nitrogen, although after heating complete hydrolysis can result in 
the diamine and the (3-dialdehyde/p-diketone starting materials. There is, however, 
evidence that the benzodiazepinium ring may be stable to reduction under certain 
conditions. According to Levshina et ai the amine-substituted dimethyl-1,5- 
benzodiazepinium salt, 7-amino-2,4-dimethyl-1,5-benzodiazepinium chloride, has been 
prepared by the reduction of the corresponding nitro salt by catalytic hydrogenation in 
ethanol over Raney nickel (Scheme 4.15).147
Cl-
H2 / Ni FUN
-E> Cl-
Scheme 4.15 Reduction of 7-nitro-2,4~dimethyl-l,5-benzodiazepinium chloride
Also, 2,4-dimethylbenzodiazepine is not reduced by lithium aluminium hydride.148 
There is, however, little literature on the stability to reduction of unsubstituted 1,5-
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benzodiazepinium salts, which may be unstable without the electron donating methyl 
substituents. To gain some experience in the preparation of 1,5-benzodiazepinium salts 
the syntheses of 3-(4-nitrophenyl)-1,5-benzodiazepinium hexafiuorophosphate and 3- 
(4-nitrophenyl)-1,5-benzodiazepinium chloride were undertaken. These products were 
then used in template and non-template cyclisation reactions and in a reduction using 
catalytic hydrogenation.
4.4.2 Experimental, Results and Discussion
4.4.2.1 Synthesis of 3-(4-Nitrophenyl)-l,5-benzodiazepinium Hexafiuorophosphate
(i) Foreword. All references to the synthesis of 1,5-benzodiazepinium salts report 
condensation of the appropriate |3-diketone or p-dialdehyde with o-phenylenediamine 
in acid conditions in the presence of a counter ion. The most common method of 
preparation is that of Thiele. Glacial acetic acid is added to an ethanolic solution of o- 
phenylenediamine followed by the addition of the p-dialdehyde/p-diketone. The 
mixture is then cooled and the product precipitated as its 1,5-benzodiazepinium 
chloride by the addition of concentrated HC1. Similarly, the bromide and the 
perchlorate can be isolated. In the synthesis of Nitaa, Cutler and Dolphin found it 
advantageous to employ the 1,5-benzodiazepine as the moderately soluble 1,5- 
benzodiazepinium hexafiuorophosphate obtained by addition of HPF6 to an ethanolic 
solution of o-phenylenediamine followed by addition of 1,1,3,3-tetramethoxypropane. 
No literature was found on the direct condensation of acraldehydes with diamines to 
form 1,5-benzodiazepines or their salts, although the reaction has not been ruled out. 
The p-dialdehyde (Scheme 4.16B) was first prepared from the hydrolysis of a- 
nitrophenyl-P-dimethylaminoacraldehyde (Section 3.2.4.2, Scheme 4.16A) in alkali, 
although it could be formed directly as a product of the formylation reaction by 
working up the reaction mixture with alkali. The title compound was then prepared by 
addition of the p-dialdehyde to an ethanolic solution of o-phenylenediamine and HPF6 
(Scheme 4.16C).
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Scheme 4.16 Synthesis of 3-(4-nitrophenyl)- 1,5-benzodiazepinium hexafluorophosphate
(ii) Synthesis of a-p-Nitrophenyl-f-dimethylaminoacraldehyde. The synthesis of 
a-//-nitrophenyl-(3-dimethylaminoacraldehyde was repeated (Section 3.2.4.2)
(iii) Synthesis of p-Nitrophenylmalonaldehyde. The a-/?-nitrophenyl-|3- 
dimethylaminoacraldehyde (10 g, 0.05 mol) was dissolved in 1 M  NaOH (100 cm3) 
and the solution was heated gently under reflux for one hour. The warm flask was 
stirred under water pump vacuum for half an hour to remove the liberated 
dimethylamine and the orange solution acidified to congo paper with 3 M  HC1. The 
light cream product that formed (6.044 g, 63 %) was isolated at the pump, washed 
with 1:1 ethanol/water and dried in a vacuum pistol at 50 °C overnight. The product 
was soluble in ethanol and diethyl ether but could not be recrystallised from either. It 
was analytically pure without need for further recrystallisation.
Analytical: Calculated for C9H7NO4 : C, 55.97 ; H, 3.65 ; N, 7.25 %
Found: C, 56.05 ; H, 3.52 ; N, 7.21 %
IR (KBr disc), Vmw/cm'1: 2618w (O-H stretch), 1602s (C=0 stretch), 1564s (N 0 2 
asymmetric stretch), 1377s (N 0 2 symmetric stretch), 1115m (C-O stretch).
NM R (rf^DMSO), bn/ppm: 8.7 (s,2H, CH), 7.8-8.4 (q, 4H, CH aromatic), 4.6 (s, 
1H, OH).
(iv) Synthesis of 3-(4-Nitrophenyl)- 1,5-benzodiazepinium Hexafluorophosphate. To 
a 50 cm3 round bottom flask was added o-phenylenediamine (0.135 g, 1.25 mmol) in 
ethanol (5 cm3). The solution was stirred with slight warming until all of the o- 
phenylenediamine had dissolved, was cooled to room temperature, and 
hexafluorophosphoric acid (65 %, 1 cm3) added to give a white solution which was
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stirred at room temperature for 5 minutes. To this was added p- 
nitrophenylmalonaldehyde (0.241 g, 1.25 mmol) to give an immediate olive green 
suspension which was stirred at room temperature for an hour. The solution was 
filtered at the pump to yield an olive green finely divided product (0.462 g, 90 %) 
which was washed with a little chilled ethanol and diethyl ether.
Analytical: Calculated for Ci5H12N 30 2PF6: C, 43.81 ; H, 2.94 ; N, 10.22 %
Found: C, 43.35 ; H, 3.34 ; N, 9.82%
The slightly low initial C and N values are due to the presence of water which is seen 
as a broad peak (8=3.2) in the LH NMR spectrum and is removed after drying. As with 
other 1,5-benzodiazepinium salts the product shows an intense absorption at 440 nm in 
the UV spectrum.
IR (KBr disc), vrnax/cm'1: 3435w (N-H stretch), 1658s (C=N stretch), 1613m (C=C 
stretch), 1513s (N 0 2 asymmetric stretch), 1341s (N 02 symmetric stretch) 1282m, 
855m (C-N stretch).
lK NM R  (rt^BMSO), 8H/ppm: 7.5-8.2 (q, 4H, CH aromatic), 8.1 (s, 2H, NH), 6.9 
(m, 4H, CH aromatic), 6.4 (q, 2H, CH benzodiazepine).
UV (EtOH), Amax/nm, lO^S/MTW1: 211.2, 2.21; 260, 1.49; 440, 1.95.
(v) Scale-Up of the Synthesis of 3-(4-Nitropheny I)-1,5-benzodiazepinium 
Hexafluorophosphate. To a solution of o-phenylenediamine (1.081 g, 0.01 mol) in 
ethanol (20 cm3) in a 100 cm3 round bottom flask was added hexafluorophosphoric 
acid (65 %, 6 cm3) and the resultant white suspension stirred at room temperature for 
five minutes. /?-Nitrophenylmalonaldehyde (1.931 g, 0.01 mol) was added and the 
contents of the flask stirred at room temperature for an hour. The green product that 
formed (4.071 g, 99 %) was filtered off at the pump, washed with a little chilled 
ethanol and diethyl ether, and dried in a vacuum pistol at 50 °C over P2Os overnight.
Analytical: Calculated for Ci5Hi2N 30 2PF6: C, 43.81 ; H, 2.94 ; N, 10.22 %
Found: C, 43.52 ; H, 3.14 ; N, 9.98%
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4.4.2.2 Synthesis of 3-(4-Nitrophenyl)-l,5-benzodiazepinium Chloride
(i) Foreword. A method similar to that used to prepare the hexafiuorophosphate was 
used to prepare the 1,5-benzodiazepinium chloride salt.
(ii) Synthesis of 3-(4-Nitrophenyl)~ 1,5-benzodiazepinium Chloride. To a 50 cm3 round 
bottom flask was added o-phenylenediamine (0.135 g, 1.25 mmol) in ethanol (5 cm3) 
and the mixture stirred until all of the diamine had dissolved. To the solution was 
added concentrated hydrochloric acid (1 cm3) to give a white solution which was 
stirred at room temperature for five minutes. Addition of /?-nitrophenylmalonaldehyde 
(0.241 g, 1.25 mmol) gave immediate formation of a dark green precipitate which was 
stirred at room temperature for an hour. A dark green, finely divided product (0.301 g, 
80 %) was filtered off, washed with chilled ethanol and diethyl ether and dried at the 
pump.
Analytical: Calculated for C15H 12N 302C1 : C, 59.71 ; H, 4.00 ; N, 13.93 %
Found : C, 55.47 ; H, 4.27 ; N, 12.71 %
This microanalysis is nearer that of the monohydrate than it is for the pure compound.
Analytical: Calculated for Ci5Hi4N30 3C l: C, 56.36 ; H, 4.41 , N, 13.14 %
IR (KBr disc), Vmax/cm'1: 3400w (N-H stretch), 1660s (C=N stretch), 1608m (C=C 
stretch), 1513s (N02 asymmetric stretch), 1340s (N02 symmetric stretch) 1284m, 
858m (C-N stretch).
NMR (rttf-DMSO), 8H/ppm: 10.6 (s, 2H, NH), 7.4-8.1 (q, 4H, CH aromatic), 6.3-
6.8 (m, 4H, CH aromatic), 6.6 (d, 2H, CH benzodiazepine).
UV (DMF), Amax/nrn, lO^s/IvrW1: 205, 1.84; 266, 1.01; 430, 0.99.
(iii) Scale-Up of the Synthesis of 3~(4-Nitrophenyl)-1,5-benzodiazepinium Chloride 
Monohydrate. To a solution of o-phenylenediamine (1.081 g, 0.01 mol) in ethanol 
(20 cm3) in a 100 cm3 round bottom flask was added concentrated hydrochloric acid (3 
cm3) and the white suspension stirred for ten minutes. Addition of p- 
nitrophenylmalondialdehyde (1.931 g, 0.01 mol) gave a green precipitate that was
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stirred at room temperature for one hour. The green product (2.698 g 89 %) was 
filtered off, washed with chilled ethanol and diethyl ether and dried in a vacuum pistol 
at 50 °C over P2O5 overnight.
Analytical: Calculated for C15H14N3O3C I:
Found :
C, 56.36 ;H, 4.41 ; N, 13.14% 
C, 56.70 ;H, 4.21 ; N, 12.91%
4.4.2.3 Attempted Cyclisation and Reduction Reactions
(i) Cyclisation of 3-(4-Nitrophenyl)-l,5-benzodiazepininm Hexafluorophosphate.
The cyclisation was achieved by refluxing the benzodiazepinium salt strongly in 
aqueous DMF and isolating the product. Addition of water to a solution of 3-(4- 
nitrophenyl)-1,5-benzodiazepinium hexafluorophosphate should result in formation of 
the monoanil (Scheme 4.17A) which when refluxed strongly cyclises to form (p- 
N 0 2)2dptaaH2 (Scheme 4.17B).
A B
Scheme 4.17 Cyclisation of 3-(4-nitrophenyl)- 1,5-benzodiazepinium hexafluorophosphate
The benzodiazepinium salt (0.041 g, 0.10 mmol) was dissolved in DMF (2 cm3) in a 20 
cm3 round bottom flask. Water (1 cm3) was added to give a brick-red precipitate that 
was heated under reflux for one hour. The dark purple product which formed (0.01 g, 
18 %) was filtered off, washed with ethanol and dried in the air.
Analytical: Calculated for C3oH22N604:
Found:
C, 67.92 ; H, 4.18 , N, 15.84% 
C, 62.03 ;H, 3.81 ; N, 14.08%
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The dark purple product gave a reasonable analysis for (p-N02)2dptaaH2 with the 
slightly low analytical results probably due to contamination with the PF6‘ salt, which 
would considerably lower the C, H and N values. The nature of the product is 
confirmed by IR, the spectrum being identical to that of the previously prepared (p- 
N 0 2)2dptaaH2. The red precipitate formed on addition of water is the monoanil from 
part hydrolysis of the benzodiazepinium salt and is an intermediate in the cyclisation 
reaction. No attempt was made to isolate it. The method represents a novel synthesis 
of (p-N02)2dptaaH2.
IR (KBr disc), vn,ax/cm'1: 3200w (N-H stretch), 1636s (C=N stretch), 1584m (O C  
stretch), 1509s (N 0 2 asymmetric stretch), 1342s (N 02 symmetric stretch) 1284m (C-N  
stretch).
(ii) Attempted Template Cyclisation of 3-(4-Nitrophenyl)~ 1,5-benzodiazepinium 
Hexafluorophosphate. An attempt at templating the salt about nickel(II) was made 
by refluxing 3-(4-nitrophenyl)-1,5-benzodiazepinium hexafluorophosphate with 
nickel(II) acetate in aqueous DMF.
To a 50 cm3 round bottom flask was added 3-(4-nitrophenyl)-1,5-benzodiazepinium 
hexafluorophosphate (2.056 g, 5 mmol) and a 20:50 water/DMF mixture (7 cm3). The 
dark green powder was seen to turn brick red, nickel(II) acetate tetrahydrate (0.622 g,
2.5 mmol) was added and the reaction mixture refluxed for four hours. The flask was 
then cooled and the brick red precipitate (0.383 g, 13 %) filtered off, washed with 
ethanol and dried.
Analytical: Calculated for CsoH^NgC^ : C, 61.36 ; H, 3.43 ; N, 14.31 %
Found: C, 22.71 ; H, 2.57 ; N, 4.79%
The red powder produced after attempted template reaction with nickel(II) is not the 
expected Ni(/z-N02)2dptaa. The product is insoluble in most organic solvents and no 
[H NMR or U V  data could be obtained. The IR spectrum shows a large N-H stretch at 
3500 cm'1 possibly due to uncoordinated NH2 groups and the very low C, H and N  
determination may be accounted for by the formation of a nickel(II) complex of o- 
phenylenediamine, for example Ni(OPD)2(PF6)2.
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Analytical: Calculated for Ci2Hi6N 4P2Fi2N i : C, 25.51 ; H, 2.85 ; N, 9.92 %
IR (KBr disc), vmax/cm'1: 3435m (N-H stretch), 1654s (O N  stretch), 1575s, 11498w.
(iii) Attempted Reduction of 3-(4-Nitrophenyl')-1,5-benzodiazepinium Chloride 
Monohydrate. An attempt was made to reduce the nitro-substituted 1,5- 
benzodiazepinium chloride by catalytic hydrogenation using the same conditions 
successful for the reduction of 7-nitro-2,4-dimethyl-1,5-benzodiazepinium chloride.
The p-nitrophenyl-1,5-benzodiazepinium chloride (0.1 g, 0.03 mmol) and 10 % 
palladised charcoal (0.3 g) were suspended in absolute ethanol (50 cm3) in a 
hydrogenation flask. The mixture was shaken under hydrogen (2 atm) for two hours 
and the catalyst removed by filtration through celite. The yellow solution was taken to 
dryness on the rotary evaporator to give a light orange powder (0.049 g, 60 %).
Analytical: Calculated for C i5H14N 3C1 : C, 66.30 ; H, 5.19 ; N, 15.46 %
Found : C, 65.22 ; H, 4.81 ; N, 17,86 %
The orange product was analysed by IR, UV  and XH NMR spectroscopy. The UV  
spectrum is disappointing as it does not show the prominent peak in the 430 - 440 nm 
region expected for the 1,5-benzodiazepinium ring. Loss of the 1,5-benzodiazepinium 
ring is also shown in the lH NMR spectrum with no adsorption in the 6.4 - 6.6 ppm 
region. Aromatic absorptions may indicate the presence of a 1,2-disubstituted benzene 
ring, but the absorptions expected for the 1,4-disubstituted benzene ring are very 
weak. The large peak at 3.4 ppm is probably due to amine protons and the N-H stretch 
is seen in the IR spectrum. The absorptions expected at 1500 cm"1 and 1350 cm'1 are 
absent indicating that reduction of the nitro group has occurred, although the exact 
nature of the product is unknown.
IR (KBs* disc), Vmax/em"1: 3300m (s, N-H stretch), 1617s (O N  stretch), 1518s (C=C 
stretch),
NM R  (d6-DMSO), 8H/ppm: 7.4-7.7 (d, weak intensity), 7.1 (d, 2H), 6.9 (m, 2H),
6.8 (d, 2H) 3.4 (d, 4H)
UV (EtOH), Amax/nm, lO te/M fW 1: 211, 2.39; 244,1.73; 275,0.50.
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5.1 Introduction
5.1.1 Catalytic Hydrogenation
Catalytic hydrogenation149,150 involves the action of molecular hydrogen in the 
presence of a catalyst and is a powerful means of achieving controlled reductions in 
organic compounds. The technique has advantages over other chemical reductions 
including much selectivity developed simply by altering reaction conditions. In using 
different equipment: a gas burette, bench shaker, or high pressure apparatus, a large 
range of hydrogenation pressures is achieved which, combined with different solvents 
and catalysts, results in a broad range of conditions for reduction.
5.1.2 Hydrogenation of Aromatic Nitro Compounds
Hydrogenation of a nitro group directly attached to an aromatic ring usually results in 
reduction directly through to the aromatic amine, requiring three moles of hydrogen 
gas per nitro group (Scheme 5.1).
IT  H2 **2
Ar-N02 -----------fe Ar-NO  fe Ar-NHOH  >  Ar-NHj
Scheme 5.1 The hydrogenation of aromatic nitro groups
The reduction occurs readily under mild conditions with a variety of catalysts and no 
intermediates or side reaction products are generally encountered. Reductions are 
usually carried out at room temperature and at 1-3 atm pressure with Raney nickel, 
platinum oxide or palladium on a carrier.
5.1.2.1 Solvent
Hydrogenations are usually carried out in acidic or neutral media, although in some 
reductions the presence of acid has proved essential. It is not necessary for the nitro 
compound to be completely dissolved in the hydrogenation solvent. If it is only slightly 
soluble and the amine is soluble, reduction will usually proceed as rapidly as the amine 
goes into solution. For the reduction of the aromatic nitro group, methyl, ethyl and
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propyl alcohols are excellent solvents, and methyl cellosolve and DMF are especially 
useful when starting materials are poorly soluble in other solvents. Both of these 
solvents are completely miscible with water and can be removed by concentration 
under reduced pressure or, after removal of the catalyst, the amine can be precipitated 
by the addition of water.
5.1.1.2 Catalyst
Choice of catalyst depends largely on the other functional groups present and on the 
products required. Generally, supported and unsupported palladium, platinum and 
nickel are excellent catalysts for the hydrogenation of aromatic nitro functions.
5.1.2.3 Selective Reduction
(i) ArN02 0\>er C=C and C~N. There is usually a significant difference between 
the rate of hydrogenation of a nitro group on an aromatic ring and that of a non 
aromatic double bond which is part of the same molecule. For example, the 
hydrogenation of a stilbene (Scheme 5.2) over palladium reduced only the nitro 
function.
CN H
/Pd / C
Scheme 5.2 Selective reduction of an aromatic nitro group
However, if the double bond is more conjugated as in the stilbene in Scheme 5.3 the 
olefmic bonds are reduced as well.
H2 / Pd / C
Scheme 5.3 Non-selective reduction of an aromatic nitro group
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The selective reduction of an aromatic nitro group over a trisubstituted double bond 
should not present a problem. Similarly, aromatic nitro groups have been reduced in 
the presence of an a,(3-unsaturated carbonyl group with palladium on carbon without 
attack on either the carbon-carbon double bond or the carbonyl group. Any catalyst 
suitable for low pressure hydrogenations should also be capable of selectively reducing 
an aromatic nitro group over a C=N group. This is due to the preferential absorption 
of the nitro group onto the active portions of the catalyst. As a result, reduction of the 
double bond does not take place until the nitro group is reduced and the amine 
desorbed from the catalyst. Uptake of hydrogen may continue beyond three 
equivalents, but the reaction can be stopped to obtain the amine with the double bond 
intact.
(ii) ArN02 over C=0. Since selectivity is obtained in the reduction of aromatic 
nitro compounds containing non aromatic double bonds, and since reduction of such 
double bonds has been shown to be favoured over that of a carbonyl group, it is 
expected that an aromatic nitro group will also be preferentially reduced in the 
presence of an aldehyde or ketone function. For this reason DMF can be used as a 
reduction solvent at low pressure.
5.1.3 Hydrogenation of Aliphatic Nitro Compounds
Non aromatic nitro groups are not reduced to amines as readily as nitro groups which 
are bound to an aromatic ring. The rate of reaction tends to be low and the products of 
reduction may poison the catalyst.
5.1.3.1 Solvents and Catalysts
Although much the same catalysts are used, reductions are usually carried out with 
much higher catalyst loading levels than for reduction of aromatic compounds. The 
same solvents may be used.
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5.1.3.2 Selective Reduction
If the non aromatic nitro group is not conjugated, selective reduction of the nitro 
group may occur on hydrogenation with a Raney Nickel catalyst. However, selective 
reduction among these compounds may be dependent on the catalyst as well as on the 
degree of substitution of the double bond. Reductions of conjugated nitro olefins are, 
however, non selective with reduction of both the nitro group and the double bond, 
e.g. (3-nitrostyrenes are reduced to the saturated amines (Scheme 5.4).
5% Pd/C 
500 psi 1-^2 
50 - 80 °C 
dilute HC1
------------------------ e>
R
Scheme 5.4 Reduction of a conjugated nitro olefm
5.2 Synthesis, Results and Discussion
5.2.1 Reactions in Concentrated Acids
5.2.1.2 Reaction of (p-N02)2dptaaH2 with H2S04
Two reactions were performed on a small scale to determine whether concentrated 
H2SO4 caused any decomposition of (p-N02)2dptaaH2 and investigate the nature of the 
product after neutralisation. The H2S04 was neutralised by sodium carbonate as this is 
the method used in the isolation of (/?-NH2)2dptaaH2 after reduction of (p- 
N 0 2)2dptaaH2.
(i) Precipitation with Water. Concentrated H2S04 (5 enf) was added to (p- 
N 0 2)2dptaaH2 (0.5 g. 0.94 mmol) in a 50 cm3 round bottom flask and the contents 
treated in an ultrasound bath to dissolve the compound. Ice (30 cm3) was slowly added 
to the flask to give a dark brown precipitate which was filtered off at the pump, 
washed with water and methanol and dried (0.307 g, 69 %).
Analytical: Calculated for C3oH22N604: C, 67.92 ; H, 4.18 ; N, 15.84 %
Found : C, 64.55 ; H, 3.84 ; N, 14.62 %
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(ii) Neutralisation with Sodium Carbonate. To a 50 cm3 conical flask was added (p- 
N 0 2)2dptaaH2 (0.2 g, 0.37 mmol) and concentrated H2SC>4 (3 cm3). The flask was 
placed in the ultrasound bath until the ligand dissolved after which solid sodium 
carbonate was added giving vigorous effervescence. Na2C03 and water (10 cm3) were 
added until the solution was neutral to universal indicator paper and the product (0.164 
g, 91 %) was isolated at the pump, washed with water and methanol and air-dried.
Analytical: Calculated for C30H22N 6O4: C, 67.92 ; H, 4.18 ; N, 15.84 %
Found : C, 66.26 ; H, 3.88 ; N, 15.20 %
Both products gave IR spectra identical to that of the starting material and the same 
assignments were made. As expected, because of poor solubility, an attempt to record 
the proton NMR spectra failed. It is assumed that protonation of the imino and 
secondary amine groups of the ring system is responsible for the solubility of (p- 
N 0 2)2dptaaH2 in concentrated H2SC>4 although there is a possibility that the nitro 
groups are also protonated.
5.2.1.2 Hydrogenation of (p-N02) 2dptaaH2 in H2SO/AcOH
Catalytic hydrogenation reactions can be carried out in a variety of solvents, the most 
common of which are glacial acetic acid, methanol or ethanol. In glacial acetic acid the 
product of the nitro group reduction is the acetate salt of the amine. Other solvents for 
the reduction include acetone, ethyl acetate, glycerol, glycol, dilute HC1, dilute H2S04 
and a mixture of concentrated sulphuric acid and acetic acid. The list could be 
extended to include many other solvents that are inert to reduction.
Interest in catalytic hydrogenation as a method of reducing (//-N02)2dptaaH2 began 
when it was found that the compound was soluble in concentrated H2SO4, the only 
solvent in which it has shown any appreciable solubility. According to Oelschlanger 
(1965) a mixture of sulphuric and acetic acids can be used to reduce m- 
nitroacetophenone by hydrogenation. The starting material was dissolved in glacial 
acetic acid, concentrated sulphuric acid added, and this solution hydrogenated over 
palladised charcoal at atmospheric pressure for 40 minutes. The catalyst was removed 
by filtration and the mineral acid neutralised with sodium carbonate. The glacial acetic
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acid was removed by rotary evaporation and the residue containing the acetate basified 
by the addition of 15 % NaOH to liberate the free amine. The amine was extracted 
with ether, the extracts dried and reduced in volume to give the crude product. A  
similar method was used to reduce (/?-N02)2dptaaH2.
(i) Method 1. Treatment of (p-N02)2dptaaH2 (0.5 g 0.94 mmol) with concentrated 
H2S04 (5 cm3) in an ultra sound bath gave a light yellow solution which was cooled on 
ice and glacial acetic acid (45 cm3) added slowly. The compound remained in the 
solution which was transferred to a hydrogenation flask, 5 % Pd on carbon added and 
the solution shaken under hydrogen (20 psi, room temperature) for one hour. The 
catalyst was filtered off on a layer of Celite giving a light yellow filtrate which was 
reduced on the rotary evaporator to yield a light yellow liquid residue. The residue was 
cooled on ice and the mineral acid carefully neutralised to pH 8 with 20 % NaOH 
(Care Exothermic). As the solution was neutralised an orange product precipitated. 
This was not filtered off, but dichloromethane (40 cm3) was added and the solution 
shaken vigorously. The extraction was incomplete, but some of the product dissolved 
giving a dark orange organic layer. The aqueous phase was further extracted with two 
similar portions of dichloromethane and the combined extracts dried over anhydrous 
magnesium sulphate before being taken to dryness on the rotary evaporator. The dark 
orange crystalline product (0.35 g, 78 %) was dried overnight under vacuum.
Analytical: Calculated for C3oH2gN6 : C, 76.58; H, 5.56; N, 17.86%
Found: C, 74.55 ; H, 5.95 ; N, 16.73 %
The proton NMR showed that the desired product was present along with a variety of 
unknown contaminants.
The synthesis was repeated using a similar method of hydrogenation but a milder 
work-up as it was thought that some of the impurities might have been produced by 
local heating during neutralisation.
(ii) Method 2. After the catalyst had been removed by filtration, the filtrate was 
cooled and treated with sodium carbonate to neutralise the H2S04 until a pH of 5-6 
was reached. The light yellow solution darkened and a brown precipitate formed which
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was assumed to be the acetate salt of the amine. The glacial acetic acid was removed 
on the rotary evaporator and the dark brown residue cooled on ice and neutralised with 
15 % NaOH. The brown product turned orange as the amine was liberated and the 
basic suspension was extracted with CH2CI2 and treated as in the previous synthesis. 
The product obtained by removal of the solvent gave the same *H NMR spectrum as 
before showing the presence of the desired product and a number of unknown 
contaminants.
The impurities were removed as follows. The product was dissolved in 
dichloromethane (25 cm3) and 100 % ethanol (25 cm3) added. Slow rotary evaporation 
to half volume and repetition of the above procedure resulted in a dark brown product. 
The product was filtered at the pump, washed with a little chilled ethanol and air-dried.
The results are nearer that of the monohydrate and so the product was further dried in 
a drying pistol at 120 °C over P20 5 overnight.
Drying the (p-NH2)2dptaaH2 only slightly improved the analytical results and although 
the analysis is not good the (p-NH2)2dptaaH2 appeared pure by proton NMR.
‘H NM R MSO), 8H/ppm: 14.0 (t ,2H, NH), 8.1 (d, 2H, CH macrocyclic), 7.0 
and 7.5 (m, 8H, CH 1,2-disubstituted aromatic), 7.2 and 6.6 (dd, 8H, CH 1,4- 
disubstituted aromatic) 5.0 (s, 4H, NH?).
(iii) Method 3. Extraction of the product with dichloromethane was not efficient so
the method was scaled up and the orange product obtained after neutralisation filtered 
off and Soxhlet extracted.
The product (4.98 g) was placed in a Soxhlet thimble and extracted with chloroform 
(150 cm3) for 48 hours until the extract was colourless. The extract was cooled 
overnight and filtered to give dark brown microcrystals (1.51 g, 30 %, A) that were 
dried at the pump. The filtrate was reduced to 20 cm3 on the rotary evaporator, cooled
Analytical: Calculated for C3oH26N6
Found:
C, 76.58 ; H, 5.56; N, 17.86% 
C, 73.18 ; H, 5.35; N, 16.65%
Analytical: Calculated for C3oH26N6:
Found :
C, 76.58 ; H, 5.56; N, 17.86% 
C, 73.83 ; H, 5.35 ;N , 16.80%
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and treated similarly to give more product (1.15 g ,  23 %, B).
Analytical : Calculated for C30H26N 6 : C, 76.58 ; H, 5.56 ; N, 17.86 %
Found A : C, 71.88 ; H, 5.11 ; N, 16.58%
Found B : C, 73.07 ; H, 5.24 ; N, 16.70 %
Both A and B gave clean !H NMR spectra (c/^-DMSO) with the same peaks and 
integrals as those for the product from Method 2. They were also analysed by IR 
spectroscopy and the following assignments made.
IR (KBr disc), vmax/cm‘l: 3503w, 3419w (N-H stretch primary amine), 3343w (N-H  
stretch secondary amine), 1632s (C=N stretch), 1588m (C=C stretch aromatic), 1548s 
(C=C stretch macrocyclic), 1407m (C=C stretch aromatic) 1300s (C-N stretch).
In general, hydrogenation using concentrated H2SO4 and glacial acetic acid on a shaker 
at 3 atm worked well giving (NH2)2dptaaH2 with good NMR and IR spectra. The low 
C,H and N  values are not due to contamination with organic impurities or from water 
as indicated by a clean *H NMR and low microanalyses that do not improve on drying. 
The impurity is therefore probably inorganic and is most likely to be palladium and not 
palladised charcoal, which would considerably increase the carbon content. The 
amount of palladium required to cause the recorded drop in C,H and N values is 
considerable. For example, contamination with 1/4 of the palladium complex gives 
theoretical analyses that fit the results.
75 %(C30H26N 6) 25 %(C3oH24N 6Pd) = C, 73.11; H, 5.22; N, 17.05 
The acid conditions were chosen to give a reaction mixture in which the nitro 
compound dissolves as it was believed poor solubility of the starting material was the 
main problem preventing reduction. It was later found good reductions could also be 
achieved by catalytic hydrogenation in DMF, a solvent in which the starting material is 
only very sparingly soluble. This, coupled with using a gas burette to measure the 
volume of hydrogen absorbed, has meant that the reaction can be followed with greater 
accuracy and the product of the reduction isolated with far greater ease. Further 
modifications to the H2S(VAcOH method could involve isolating the product as the 
acetate salt and purification at that stage, but catalytic hydrogenation in DMF was used 
for later preparations.
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5.2.2 Catalytic Hydrogenation at Atmospheric Pressure
5.2.2.1 The Gas Burette
Catalytic hydrogenation at atmospheric pressure was with a gas burette which was 
operated as follows: the apparatus was cleaned, all the taps well greased, and the gas 
burettes filled with water. The apparatus, including the hydrogenation flask, was 
evacuated, and with the taps closed was checked for leaks. It was then flushed twice 
with nitrogen, evacuated and filled with hydrogen. The gas burette of the required size 
(250 cm3 or 500 cm3) was also filled with hydrogen, the water in the reservoir levelled 
with that in the burette so the initial reading could be taken, and the apparatus sealed 
from the hydrogen supply.
The taps connecting the burette to the hydrogenation flask were opened, the time 
recorded and the stirrer started. During the hydrogenation the level of the reservoir 
was adjusted to keep the pressure above atmospheric and the volume of hydrogen in 
the burette recorded at regular time intervals. A  plot of hydrogen uptake (cm3) against 
time (hours) was used to monitor the reaction.
5.2.2.2 Synthesis of (NH2) 2dptaaH2
The reduction of (//-N02)2dptaaH2 by catalytic hydrogenation at atmospheric pressure 
in DMF (Scheme 5.5) was according to the following method.
A  suspension of (/?-N02)2dptaaH2 (0.5 g, 0.94 mmol) and 5 % palladium on charcoal 
(100 mg, 20 % by mass) in DMF (20 cm3) in a 50 cm3 round bottom flask was stirred 
under hydrogen for seven hours at atmospheric pressure. The expected volume (135 
cm3) of hydrogen was absorbed giving a dark orange solution containing a similarly 
coloured precipitate, believed to be the product (/?-NH2)2dptaaH2, which had separated 
from the DMF possibly aided by formation of water during the reaction.
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NH.
H2 / Pd / C
DMF
n o 2 n h 2
Scheme 5.5 The reduction of (p-N02)2dptaaH2 to (p-NH2)2dptaaH2
The reaction flask was removed from the hydrogenation apparatus and heated on an oil 
bath until all the precipitate dissolved. The boiling solution was then filtered on a warm 
sinter into a warm flask to remove the catalyst and the filtrate allowed to cool slowly 
overnight. The dark purple microcrystalline product which formed was filtered off on a 
sinter, washed with chilled ethanol (20 cm3) and dried at the pump (0.164 g, 36 %)
Analytical: Calculated for C3oH26N6 : 
Found :
C, 76.58 ; H, 5.56; N, 17.86% 
C, 74.38 ;H, 5.53 ; N, 17.37%
To the filtrate was added 5 cm3 of water and the solution shaken to give a brown 
precipitate. The suspension was again heated to boiling The precipitate dissolved and 
after cooling the additional microcrystalline product was filtered off, washed with 
ethanol (20 cm3) and air-dried (0.05 g, 11 %) It analysed similarly to the bulk product.
Analytical: Calculated for C3oH26N 6: 
Found :
C, 76.58 ; H, 5.56; N, 17.86% 
C, 74.23 ; H, 5.34 ; N, 17.17%
Again the filtrate was collected and further diluted with water (5 cm3). The product 
was found to be insoluble in 2:1 DMF/water, even on additional reflux, so the solution 
was cooled and the product filtered off, washed and dried as above (0.10 g 22 %).
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Analytical: Calculated for C30H26N6 : C, 76.58 ; H, 5.56 , N, 17.86 %
Found: C, 73.30 ; H, 5.34 ; N, 16.73 %
The !H NMR spectra (flk-DMSO) of the three products showed the same absorptions 
for the amine substituted macrocycle as found previously. In addition, all three spectra 
showed the presence of a small amount of DMF (a doublet at 8 = 2.7, 2.8 and a singlet 
at 8 = 7.9 ppm) which could be removed by thorough drying of the sample at 80 °C 
under vacuum overnight. Drying, however, has no effect on the low C, H and N 
values.
The reduction in DMF at atmospheric pressure proceeds well giving good NMR data 
with better but still low microanalyses. The work-up of the reaction was changed in 
attempts to isolate purer products.
The reaction was repeated and the catalyst removed as before. However, the (p- 
NH2)2dptaaH2 (0.21 g, 47 %) was isolated from the DMF by precipitation with an 
equal volume of water, washed with ethanol (50 cm3) and diethyl ether (20 cm3) and 
dried at the pump.
Analytical: Calculated for C3oH26N 6 : C, 76.58 ; H, 5.56 ; N, 17.86 %
Found : C, 73.06 ; H, 5.33 ; N, 16.80 %
The analytical results are nearer to those of the monohydrate than the amine.
Analytical: Calculated for C30H28N6O : C, 73.75 ; H, 5.78 ; N, 17.20 %
The reaction was repeated by the same method. As before, the nitro compound 
absorbed the expected volume of hydrogen, and the catalyst was removed by filtering 
the boiling solution. This time the product was isolated by taking the solution to 
dryness on the rotary evaporator. A dark brown powder (0.410 g, 92 %) was scraped 
from the side of the flask and dried over P20 5 at 80 °C under vacuum overnight.
Analytical: Calculated for C30H26N6: C, 76.58 ; H, 5.56 ; N, 17.86 %
Found: C, 75.53 ; H, 5.36 ; N, 17.21 %
This method of isolation appears to be best, giving a product of reasonable analysis. It 
is, however, difficult to remove DMF on a rotary evaporator because of its high boiling 
point, a problem that is only worsened as the reaction is scaled up. The *H NMR
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spectrum (<7«j-DMSO) showed the absorptions expected for the amine substituted 
macrocycle and none from impurities.
5.2 .2 .3 Scale-Up of the Synthesis of (p-NH2) 2dptaaH2
The synthesis of (p-NH2)2dptaaH2 was repeated on a larger scale (xlO) by the 
following method to produce sufficient material for further reactions.
To a 100 cm3 round bottom flask was added (/?-N02)2dptaaH2 (5 g, 9.425 mmol), 5 % 
palladised charcoal (1 g) and DMF (50 cm3). The flask was attached to the 
hydrogenation apparatus and stirred under hydrogen (500 cm3 burette) until the 
calculated volume of hydrogen (1350 cm3) had been absorbed. After stirring under 
hydrogen for 19 hours the expected volume of hydrogen had been absorbed. During 
this long reaction time it was necessary to stop the reaction overnight and refill the 
burette three times. The flask was removed from the hydrogenation line, the solution 
heated to boiling on an oil bath and the catalyst removed by filtering the hot solution 
through a warm sinter. The filtrate was transferred to a 250 cm3 rotary evaporator 
flask, the bulk of the DMF removed, and the damp product suspended in absolute 
ethanol (50 cm3) before being filtered off, washed with hexane and air-dried (3.828 g).
Analytical: Calculated for C3oH26N 6 : C, 76.58 ; H, 5.56 ; N, 17.86 %
Found: C, 72.17 ; H, 5.88 ; N, 17.65 %
Since the carbon analysis was low, the product was washed with a further 50 cm3 of 
absolute ethanol and 20 cm3 of hexane, and dried in the air and then in a vacuum 
desiccator at 80 °C overnight.
Analytical: Calculated for C30H26N 6 : C, 76.58 ; H, 5.56 ; N, 17.86 %
Found : C, 72.83 ; H, 5.19 ; N, 16.95 %
One more attempt was made to purify a small amount of the product by washing with 
a large volume of ethanol (100 cm3) and diethyl ether (50 cm3). The product was then 
dried in a vacuum drying pistol overnight at 150 °C over P20 5. The analysis had 
worsened.
Analytical: Calculated for C3oH26N 6 : C, 76.58 ; H, 5.56 ; N, 17.86 %
Found : C, 71.95 ; H, 5.13 ; N, 16.49 %
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5.2.2.4 Recrystallisation of (p-NH2) 2dptaaH2
Recrystallisation of the diamine was carried out with the aims of improving analytical 
results and growing crystals suitable for single crystal X-ray analysis. Recrystallisation 
from CH3CN by Soxhlet extraction improves the analytical results and produces 
enough material for additional reactions. The following method was used.
The (/?-NH2)2dptaaH2 (0.40 g, 0.85 mmol, Section 5.2.2.3) was added to a Soxhlet 
thimble and was extracted with acetonitrile (100 cm3) for 48 hours. The dark orange 
filtrate was allowed to cool slowly in the oil bath and the large dark brown crystals 
filtered off and air dried (0.23 g, 57 %),
Analytical : Calculated for C3oH26N 6 : C, 76.58 ; H, 5.56 ; N, 17.86 %
Found : C, 76.16 ; H, 5.42 ; N, 17.67 %
Recrystallisation from acetonitrile without Soxhlet extraction produced crystals which 
were too thin in one dimension for structure determination. The (p-NH2)2dptaaH2 was 
found to be too insoluble in ethanol, methanol or the chlorinated solvents (CHC13 and 
CH2C12) for recrystallisation. It was found to be too soluble in DMF, THF and 1- 
methyl-2-pyrrolidinone. The product will recrystallise from DMF but the product 
crystallises as thin plates even on very slow cooling. A number of high boiling solvents 
(tetrahydronaphthalene (207 °C) and diphenyl ether (259 °C)) have also been tried 
without success. Attempts at recrystallisation from mixed solvents were not successful 
either. The systems tried were DMF/water, DMF/toluene and THF/hexane.
5.2.2.5 Analytical and Spectroscopic Data of (p-NH2) 2dptaaH2
A full set of analytical and spectroscopic data was recorded on a sample of (p- 
NH2)2dptaaH2 (Section 5.2.2.3) that was recrystallised from acetonitrile.
Analytical: Calculated for C3oH26N 6 : C, 76.58 ; H, 5.56 ; N, 17.86 %
Found : C, 76.16 ; H, 5.42 ; N, 17.67 %
IR (KBr disc), Vmax/crn'1: 3503w, 3419w (N-H stretch primary amine), 3343w (N-H 
stretch secondary amine), 1632s (C=N stretch), 1588m (C=C stretch aromatic), 1548s 
(C=C stretch macrocyclic), 1407m (C^C stretch aromatic) 1300s (C-N stretch).
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lH NMR (rftf-DMSO), 5H/ppm: 14.0 (t,2H, NH), 8.1 (d, 2H, CH macrocyclic), 7.5 d
7.0 (m, 8H, CH 1,2-di-substituted aromatic), 7.2 and 6.6 (dd, 8H, CH 1,4-di- 
substituted aromatic) 5.0 (s, 4H, NH?).
13C NMR (r/tf-DMSO), 8c/ppm:,
146.8 (f)
146.7 (g)
137.0(a)
127.0 (d)
126.7 (c)
124.5 (i)
114.2(h)
114.0(b)
110.9(e)
N H ,
UV (DMF), Amax/nm, 10'5s/M'1‘cm'1: 303.2, 1.00; 415.0, 0.46; 460.0sh, 0.25.
The UV spectrum of (p>-NH2)2dptaaH2 is very similar to that of dptaaH2 (Section 
3.5.2.2) and similar assignments can be made. The absorption at 303 nm is due to the 
K-bands of the aromatic ring, that at 415 nm is the Soret band with a shoulder for the 
Q-bands at 460 nm.
Mass Spectrum
Instrument VG Analytical TS250V Ionisation source Chemical Ionisation
Ionising Gas Methane Calibration Material Heptacosa
Resolution 1000 Acquisition Range 50 - 600 Da
Scan Rate 5 s/scan Inlet System Solids Probe
A small amount of the sample was mounted on the solids probe and introduced into the 
mass spectrometer. The ion source temperature was ramped from 180 °C to 350 °C 
and the data recorded over 40 minutes.
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The chemical ionisation technique employed in this analysis produces a protonated 
form of the molecular ion. Proposed formula, (/?-NH2)2dptaaH2 (CToH^Ne); accurate 
molecular mass of protonated structure = 471.2297 amu; accurate mass determined by 
the mass spectrometer = 471.2153 amu.
The isotope pattern produced by the natural occurrence of carbon 13 in the sample ties 
in well with that expected for the proposed formula. The mass spectrum shows the 
protonated molecular ion as well as the fragment at 236 amu which is that of half the 
molecular ion again protonated.
TLC
The purity of the product was assessed by TLC using 2:1 ethyl acetate:hexane as 
solvent. The plate showed a single peak at Rf = 0.76 due to the product. The spot was 
however a streak which is often the case with amines due to the high degree of 
hydrogen bonding.
5.2.3 Attempted Synthesis of Co(p-NH2)2dptaa by Reduction of Co(jp-N02)2dptaa
A route to metal complexes of the type M(p-NH2)2dptaa is by reduction of the nitro 
compounds. Initially it was thought that the metal-containing complexes would reduce 
under the same conditions as the metal-free ligand and an attempt was made to reduce 
Co(/?-N02)2dptaa by catalytic hydrogenation at atmospheric pressure.
The metal complex Co(/?-N02)2dptaa (0.294 g, 0.5 mmol, Section 3.6.1.5(i)), 5 % 
Pd/C (60 mg) and DMF (20 cm3) were added to a 50 cm3 round bottom flask. The 
suspension was hydrogenated at atmospheric pressure and the volume of hydrogen 
absorbed was measured using a gas burette. The Co(p-N02)2dptaa was stirred for 48 
hours but in all less than 10 cm3 of hydrogen were absorbed, which could easily be 
accounted for by temperature changes and loss of hydrogen by diffusion. After this 
time the flask was removed from the hydrogenation line. The product could not be 
separated from the catalyst as it would not dissolve in hot DMF. The product could 
not therefore be readily analysed but it was believed to be the unreacted metal 
complex.
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Like metal complexes of other TAAs, CoQ -^NCEXdptaa is less soluble than the metal 
free ligand (/?-N0 2)2dptaaH2. It is believed that the poorer solubility of the cobalt 
complex is why it is not reduced under the conditions successful for the free ligand.
5.2.4 Attempted Synthesis of 7,16-(NH2)2taaJ32
Following the successful synthesis of (p-NH2)2dptaaH2 by reduction in DMF at 
atmospheric pressure a similar method was used to try to reduce 7,16-(N02)2taaH2
To a 100 cm3 round bottom flask was added 7,16-(N02)2taaH2 (0.5 g, 1.32 mmol), 5 
% Pd/C (100 mg), DMF (20 cm3) and a stirring flea. The red crystals of 7,16- 
(N0 2)2taaH2 did not dissolve. The flask was attached to the gas burette and stirred 
under hydrogen until the calculated volume had been absorbed. The rate of hydrogen 
absorption was far slower than that for (p-N02)2dptaaH2 and in all 96 hours were 
required. After this time most of the red crystals appeared to have dissolved to give a 
dark orange solution which was filtered on a sinter and the dark purple powder washed 
with DMF. This product was believed to be a mixture of unreacted starting niaterial 
and catalyst (mass after washing and drying = 0.109 g). The dark orange solution was 
taken to dryness on the rotary evaporator to yield an orange powdered product (0.176 
g) which was scraped from the sides of the flask and dried at 80 °C under vacuum 
overnight.
Analytical: Calculated for C18H18N6 : C, 67.91 ; H, 5.70 ; N, 26.40 %
Found : C, 62.43 ; H, 4.82 ; N, 21.37 %
The !H NMR spectrum was recorded in both t^-DMSO and CDC13 but nothing of the 
nature of the product could be deduced. The infrared spectrum of the product was 
recorded as a KBr disc. Again nothing could be determined from the infrared 
spectrum. Analysis by TLC gave two peaks (Peak 1 Rf = 0.875, Peak 2 Rf = 0.375). 
The product was therefore believed to be a mixture of at least two compounds.
NMR (rttf-OMSO), 811/ppm: 8.5-7,5 (m, possible CH macrocyclic), 6.0-7.5 (m, CH 
aromatic),
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IR (KBr disc), W orn*1: 3351br, 1637s, 1601m, 1552s, 1512m, 1274m, 745m
The experiment was repeated under the same hydrogenation conditions. A total of 191 
cm3 of hydrogen was absorbed in 72 hours. This time the product was precipitated 
from the DMF solution by the addition of an equal volume of ethanol. The dark orange 
powder that was isolated was washed with ethanol and hexane and air-dried.
Analytical: Calculated for Ci8Hi8N6 : C, 67.91 ; H, 5.70 ; N, 26.40 %
Found: C, 61.93 ; H, 4.72 ; N, 21.14 %
The !H NMR spectrum showed that the product still contained some DMF and was
similar to that produced previously. Since the product could again not be characterised 
the reduction of 7,16-(N02)2taaH2 was abandoned.
The nitro group attached to the bridgehead position of the macrocycle was not reduced 
under the same conditions that have been successful for the reduction of the aromatic 
nitro group (Scheme 5.6). The nitro groups of 7,16-(N02)2taaH2 are probably best 
classed as conjugated aliphatic nitro groups and their reactivity may be used to give an 
indication of the degree of aromatic character of the delocalised propane-1,3-diimine 
rings in the macrocycle.
Scheme 5.6 Attempted reduction of (N02)2tadaH2
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5.2.5 Synthesis of (p-NBUCI^dptaaBL
HC1 ( ,
(p-NH2)2dptaaH2 --------------------(£>-NH3Cl)2dptaaH2
Scheme 5.7 Synthesis of the amine hydrochloride
The amine hydrochloride was synthesised from the free amine and 3 M HC1 in DMF 
(Scheme 5.7). The product has been analysed by both !H NMR and mass spectroscopy 
and is that expected. The microanalysis is, however, low in C,H and N even after 
drying and the mass spectrum shows a peak from a contaminant. It was hoped that the 
amine hydrochloride would be easier to recrystallise than the free amine.
The amine (p-NH2)2dptaaH2 (0.470 g, 1.0 mmol) was suspended in DMF (20 cm3) in a 
250 cm3 round bottom flask. The suspension was warmed to dissolve the amine, 
treated with 3M HC1 (100 cm3, 1.5 times excess), and the resultant suspension heated 
under reflux for an hour. The light yellow-brown precipitate was then filtered off, 
washed with ethanol and hexane, and air-dried (0.410 g, 75 %).
The *H NMR spectrum of the product was recorded in <76-DMSO and showed 
contamination with a little DMF. The product was therefore dried overnight in a
pistol at 80 °C under vacuum.
Analytical: Calculated for C30H28N 6Cl2 : C, 66.30 ; H, 5.19 ; N, 15.46 %
Found : C, 63.26 ; H, 5.08 , N, 14.73 %
The *H NMR spectrum (A-DMSO) showed the contaminating DMF to have been 
removed. The spectrum showed a broad NH3+ peak down field to that of the free NH2 
and the double-doublet due to the 1,4-disubstituted benzene ring also shifted down 
field.
*H NMR (^-BMSO), 8H/ppm: 14.2 (t, 2H, NH), 9.9br (s, 6H, NH3+), 8.2 (d, 2H, CH 
macrocyclic), 7.6 and 7.3 (dd, 8H, CH 1,4-di-substituted aromatic), 7.5 and 7.0 (m, 
8H, CH 1,2-di-substituted aromatic).
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IR (KBr disc), vmax/cm'1: 3100-2000br (N-H stretch primary amine salt), 1633s (O N  
stretch), 1592m (C=C stretch aromatic), 1554s (O C  stretch macrocyclic), 1512m 
(O C  stretch aromatic) 1311s (C-N stretch).
13C NM R (</,s-DMSO), 8c/ppm:,
148.0 (f) 
138.4(g) 
137.0(a) 
130.6(d) 
126.9(c)
125.1 (i)
122.4 (h) 
114.9(b)
109.2 (e)
Mass Spectrum
Instrument VG Analytical TS250V Ionisation source FIB
Resolution 1000 Acquisition Range 45 - 700 amu
Scan Rate 5 s/scan Calibration PFK
The sample was ground with a suitable amount of m-nitrobenzylalcohol and the 
analysis was performed using fast ion bombardment (FIB). Fast ion bombardment is a 
technique used to determine the molecular weight of a structure by suspending the 
material in a suitable matrix and bombarding the mixture with caesium ions. The 
protonated molecular ion is then analysed.
The protonated molecular weight of (£>-NH3Cl)2dptaaH2, without the associated H+ 
and Cf ions, was calculated to be 471.2297 amu (C3oH27N6). The molecular ion had a 
mass measured as 471.2210 amu and is in good agreement with the expected value. 
The calculated isotope pattern for the proposed structure also agrees well with that 
recorded.
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The above results indicate the presence of a molecule of the same molecular weight as 
that of the proposed structure. There is also, however, a small but significant ion at 
604.2835 amu (603.2757 unprotonated), indicating the presence of a structure other 
than that proposed. Attempts at assigning a structure to this ion have been made, but 
without success. The peak represents an ion of mass 133.0538 amu greater than that of 
the protonated molecular weight of (p-NH3Cl)2dptaaH2, without the associated HC1. 
The structure could be that of a polymeric form of the macrocycle or a condensation 
macrocycle of greater number of monomeric sub-units (it has been assumed that the 
only product of the condensation reaction is the [2+2] macrocyclic compound). 
However, no proposed structure could be found that fits the recorded mass and the 
only structure that would bring the mass up to near this value was the addition of a 
further aniline substituted propane-1,3-diiminato chelate ring (Figure 5.1).
This would not, however, account for the lowering in C,H and N values of the product 
which could more readily come from a non-carbon containing impurity. There is the 
possibility that under the reduction conditions palladium may insert into the 
macrocycle. (RAM Pd = 106.42) This would give the following complex (protonated 
and -2HC1) C3oH25N6Pd = 575.1175 amu. This again is not the correct mass and can 
not be made to fit by the addition of one or two molecules of water.
An additional point of interest is that the contamination peak found in this sample of 
(p-NH3Cl)2dptaaH2 was not found in the clean mass spectrum of the starting material, 
(p-NH2)2dptaaH2. The spectrum of (//-NH2)2dptaaH2 previously recorded, however, 
was only in the region up to 600 amu and would not show this contamination peak. It 
would be of value to record the mass spectrum of (/>NH2)2dptaaH2 up to 700 amu to 
see if the contaminant is present. This would indicate whether the impurity comes from
NH.
V CcjHgN =  130.065 amu
Figure 5.1 Accurate molecular mass of sub-unit
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reacting the ligand with acid or if it has been carried over from a previous reaction. If it 
is found that the impurity is also present in (/?-NH2)2dptaaH2 it would also be worth 
running the mass spectrum of (p-N02)2dptaaH2 to give an indication if the impurity is 
from the reduction or from the cyclisation reaction.
5.2.6 Synthesis of (p-Pyr)2dptaaH2
OMe
(p-NH2)2dptaaH2  * (p-pyr)2dptaaH2
Scheme 5.8 the synthesis of (/?-pyr)2dptaaH2
The synthesis of (p-pyr)2dptaaH2 was achieved by reaction of the amine with 2,5- 
dimethoxytetrahydrofuran (Scheme 5.8) according to the procedure used in the 
synthesis of the pyrrole substituted TPP complex, (p-pyr)4TPPH2. The reaction was 
successful but the product is very insoluble and a good proton NMR spectrum could 
not be obtained. The microanalysis was again low in C,H and N which may be because 
of an impurity that has been carried over from the previous synthesis.
The amine (/?-NH2)2dptaaH2 (0.188 g, 0.4 mmol) was added to a suspension of 2,5- 
dimethoxytetrahydrofuran (0.529 g, 0.4 mmol) in glacial acetic acid (25 cm3). The 
resultant suspension was refluxed with stirring for 90 minutes before being cooled and 
the fine dark brown powder filtered off. This powder was washed with chilled 
methanol (50 cm3) and diethyl ether (25 cm3) and dried at 80 °C under vacuum (0.212 
g. 92 %).
Analytical: Calculated for C38H30N 6 : C, 79.97 ; H, 5.30 ; N, 14.73 %
Found : C, 77.24 ; H, 4.80 ; N, 12.43 %
The infrared spectrum of the product was recorded as a KBr disc. The spectrum lacks 
the primary amine N-H stretch that is present in the starting material and gives further 
evidence for the formation of the pyrrole-substituted derivative.
IR (KBr disc), Vmax/cm'1: 1633s (C=N stretch), 1592m (C=C stretch aromatic), 1550s 
(C=C stretch macrocyclic), 1521m (C=C stretch aromatic) 1302s (C-N stretch).
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The *H NMR spectrum of a very weak solution of the product was recorded in d6- 
DMSO with a three hour acquisition time. The spectrum shows two singlets (8 = 6.3 
and 8 = 7.3) believed to be from protons on the pyrrole ring.
lH NMR (tfrf-DMSO), SH/ppm: 14.2 (t, 2H, NH), 7.6 (m, 16H, aromatic 1,4- 
disubstituted benzene and tetraaza ring protons), 7.4 (s, 4H, CH pyrrole), 7.0 (m, 4H, 
CH 1,2-di-substituted aromatic), 6.3 (s, 4H, CH pyrrole).
Mass Spectrum
Instrument VG Analytical TS250V Ionisation source El
Resolution 1000 Acquisition Range 45 - 700 amu
Scan Rate 5 s/scan Calibration PFK
A small amount of the sample was placed in a solids probe capillary tube, wetted with 
methanol and inserted into the instrument. The solids probe was then heated with a 
current from 0 to 100 mA at 10 mA/Sec. and the data acquired using electron 
ionisation conditions.
The molecular weight of the proposed structure was 570.2432 amu. The sample had a 
molecular weight of 570.1125 amu, and a comparable isotope pattern, indicating that 
the sample was most likely to have the proposed structure C38H30N6. There was no 
larger molecular weight impurity from the spectrum.
5.2.7 Synthesis of Co(p-NH2)2dptaa and Ni(p-NH2)2dptaa
5.2 .7.1 Co(p-NH2) 2dptaa
Co(CH3C02)2.4H20
(p-NH2)2dptaaH2    » Co(p-NH2)2dptaa + 2CH3C02H + 4H20
Scheme 5.9 Insertion reaction of cobalt(II) into (/?-NH2)2dptaaH2
The synthesis of the cobalt complex according to Scheme 5.9 was twice attempted 
using a long reaction time (four hours). Each time a dark green-black, extremely 
insoluble product precipitated from refluxing DMF. This product is not the cobalt(II) 
complex of the amine but is believed to be either the cobalt(II) complex of the di­
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acetate salt of the amine or the cobalt(III) complex still containing one acetate ligand. 
The mass spectrum of the product confirms the insertion of cobalt into the macrocycle 
but because of likely loss of the acetate group on ionisation does not confirm the 
identity of the complex. It is believed that the acetic acid produced in the insertion 
reaction could react with the primary amine to give the acetate salt. The evidence from 
this comes from analytical data, from infrared analysis and from the substantial change 
in solubility of the metal complex as compared to the free ligand.
According to Bettelheim et ai, metalation of the amine substituted macrocycle (o- 
NH2)4TPPH2 was carried out in DMF with MX2 salts (M(CH3C02)2.4H20, MC12 etc.). 
There is also a report of cobalt(III) porphyrins being produced after refluxing the 
complexes in DMF in air for 2-3 hours. The following method was used in initial 
attempts to prepare Co(/?-NH2)2dptaa.
To a 50cm3 round bottom flask was added (p-NH2)2dptaaH2 (0.470g, 1.0 mmol) and 
DMF (20 cm3) and the flask was heated until the ligand had dissolved. Cobalt(II) 
acetate tetrahydrate (0.248 g, 1.0 mmol) was dissolved in DMF (10 cm3) by warming 
and was added to the ligand in solution. The resultant mixture was heated under reflux 
for four hours and when the solution had cooled the black precipitate was filtered off, 
washed with ethanol (75 cm3) and hexane (25 cm3), dried at the pump and further 
dried under vacuum at 80 °C.( 0.308 g, 60 %)
Analytical: Calculated for C30H24N6Co ; C, 68.31 ; H, 4.58 ; N, 15.93 %
Found : C, 64.76 ; H, 3.89 ; N, 14.67 %
The result is nearer that for the di-acetate salt of the amine
Analytical: Calculated for C34H32N 6C>4Co : C, 63.26 ; H, 4.68 ; N, 13.02 %
A second attempt at the reaction, by essentially the same method, resulted in a similar
product.
Found : C, 62.43 ; H, 4.29 ; N, 13.98 %
An attempt was made to record the proton NMR spectrum but product was not 
soluble enough in c4-DMSO (500 scans were attempted). It was extremely insoluble in 
all the organic solvents tested.
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The infrared spectrum of the product was recorded as a KBr disc. The spectrum shows 
no signs of the NH2 absorptions which were present in the spectrum of the starting 
material.
IR (KBr disc), Vmax/cm*1: 1623m. 1600s (C=N stretch), 1575m (C=C stretch 
aromatic), 1513s (C=C stretch macrocyclic), 1459m (C=C stretch aromatic) 1328s (C- 
N stretch).
Mass Spectrum
Instrument VG Analytical TS250V Ionisation source El
Resolution 1000 Acquisition Range 45 - 700 amu
Scan Rate 5 s/scan Calibration PFK
A small amount of the sample was placed in a solids probe capillary tube, wetted with 
methanol and inserted into the instrument. The solids probe was then heated with a 
current from 0 to 100 mA at 10 mA/Sec. and the data acquired using electron 
ionisation conditions.
The sample was found to have a molecular weight in close agreement with that 
calculated for the molecule without its associated acetate counter ions. (Calculated 
mass 527.1394 amu, measured mass 527.0370 amu.) The expected isotope pattern was 
also observed indicating the presence of the proposed compound. Once again though, 
a larger molecular weight species was detected at 553.0178 amu indicating a possible 
impurity in the sample.
In another attempt to prepare the cobalt(II) complex, Co(p-NH2)2dptaa, a shorter 
reaction time (two hours) was used and the insertion reaction was monitored using UV  
spectroscopy, a method that was successful for following the insertion of nickel(II) 
into (p-NH2)2dptaaH2 (see below). It was found that even with a shorter reaction time 
if the reaction was carried out in the air the same dark green product was produced as 
above.
The diamine (p-NH2)2dptaaH2 (0.117 g, 0.25 mmol) was dissolved in warm DMF (10 
cm3) and a solution of cobalt(II) acetate tetrahydrate (0.062 g, 0.25 mmol) in DMF (10 
cm3) added. The solution was refluxed and at regular intervals a sample of the solution
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was removed, diluted with DMF and its UV spectrum recorded. After 75 minutes the 
Soret band had shifted 7.5 nm (from 415.7 to 423.2 nm) and after two hours no further 
shift was seen (Table 5.1).
Table 5.1 Change in UV with Time During Insertion of Cobalt(II)
Time / minutes UV (DMF), Amax/nm (Soret)
0 415.7
10 415.9
20 416.2
30 416.8
45 417.6
60 420.0
75 423.0
90 423.2
105 423.3
120 423.2
The solution was left to cool overnight and the dark green product that formed was 
filtered off at the pump, washed with ethanol and was dried at 80 °C under vacuum 
overnight.
Analytical: Calculated for C30H24N 6C0 : C, 68.31 ; H, 4.58 ; N, 15.93 %
Found : C, 58.83 ; H, 4.28 ; N, 12.48 %
The dark green product was insoluble even in refluxing DMF and gave a similar IR 
spectrum to that of the product produced above. Although the analysis is poor, it is 
believed to be the same compound.
The insertion reaction was repeated using a two hour reaction time and under inert 
atmosphere conditions. The product has a substantially different solubility from those 
prepared previously and is believed to be the desired Co(p~NH2)2dptaa.
To a 50 cm3 Schlenk flask was added (/?-NH2)2dptaaH2 (0.468 g, 1 mmol) and DMF 
(25 cm3) and the solvent was deoxygenated by evacuating and filling the flask with 
nitrogen three times. Against a flow of nitrogen, cobalt(II) acetate tetrahydrate (0.274 
g, 1.1 mmol) was added and the flask fitted with a condenser. The flask was evacuated 
again, filled with nitrogen and refluxed under nitrogen for two hours. The flask was left 
to cool for three days, but no product was seen to precipitate. The product was
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precipitated by the rapid addition of diethyl ether (50 cm3) and was quickly filtered off 
in the air. The dark red powder isolated did not change colour when exposed to the air 
or when dried at 80 °C under vacuum overnight.
Analytical: Calculated for C30H24N6C0 : C, 68.31 ; H, 4.58 ; N, 15.93 %
Found: C, 65.69 ; H, 4.33 ; N, 14.83 %
The complex has an IR spectrum that is different from those above but is similar to 
that of Ni(/?-NH2)2dptaa (see below).
5.2.7.2 Ni(p-NH2) 2dptaa
Ni(CH3C02H)2.4H20 
(/?-NH2)2dptaaH2  » Ni(p-NH2)2dptaa + 2CH3C02H + 4H20
Scheme 5.10 Insertion reaction of nickel(II) into (/?-NH2)2dptaaH2
The insertion of nickel(II) into (p-NH2)2dptaaH2 (Scheme 5.10) proved to be more 
straightforward than the insertion of cobalt(II) as only one product has been isolated. 
The reaction could be easily followed using UV spectroscopy, where a shift in the 
Soret band of 33 nm to a longer wavelength is seen on complexation. As with the 
cobalt(II) complex, only a short reaction time is required for complete insertion.
The amine-substituted compound (p-NH2)2dptaaH2 (0.117g, 0.025 mmol) was 
dissolved in warm DMF (10 cm3) in a 50 cm3 round bottom flask. To this was added a 
solution of nickel(II) acetate tetrahydrate (0.068 g, 0.027 mmol) in DMF (10 cm3) and 
the resultant solution refluxed strongly. At ten minute intervals a small sample of the 
solution was removed, diluted with DMF and the UV spectrum recorded. After 40 
minutes the Soret band had shifted from 415.7 to 448.0 nm and after 60 minutes there 
was no further shift (Table 5.2) so the reaction was stopped and the flask left to cool 
over night.
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Table 5.2 Change in UV with Time During Insertion of Nickel(II)
Time / minutes UV (DMF), Amax/nm (Soret)
0
10
20
30
40
50
60
415.7
416.8
424.8
446.9
448.0
447.9
448.0
No product had separated from the DMF and so the solution was poured onto an equal 
volume of diethyl ether and the dark red precipitate that formed filtered off slowly at 
the pump. The brick red powder was dried under vacuum at 80 °C overnight (0.10 g, 
72 %).
The IR spectrum of the product shows changes in the N-H stretching region of the 
spectrum and, as with other TAA complexes, also shows changes in the C=N and C=C 
region compared to that of the ligand.
IR (KBr disc), vniax/cm_1: 3410w 3340w (N-H stretch), 1664m 1607m 1579m 1516m 
(C=C stretch aromatic), 1474s (C=C, C=N stretch macrocyclic skeletal), 1333s (C-N 
stretch).
The proton NMR spectrum of Ni^-NHfyEdptaa (rt^-DMSO, Figure 5.3) is essentially 
very similar to that of the metal-free ligand (Figure 5.2). The differences are that the 
absorptions for the two acidic protons on the macrocyclic ring, present at 5 = S?-Z. 
ppm in the metal-free ligand, have disappeared. Secondly, the doublet at 5 = £ -0  ppm 
from the four protons directly attached to the tetraaza ring in the spectrum of the 
metal-free ligand is seen as a singlet (8 = 14.0 ppm) in the spectrum of the metal 
complex. This is due to all the protons on the fully delocalised 1,3-propanediimineato 
chelate ring becoming equivalent.
Analytical: Calculated for C30H24N 6M  :
Found:
C, 68.34 ; H, 4.59; N, 15.94% 
C, 66.38 ; H, 4.42 ; N, 14.93 %
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14 15 12 11 10 5 c  ■* 6  5  4
Figure 5.2 'H NMR spectrum of (p-NH2)2dptaaH2
Figure 5.3 'H NMR spectrum of Ni(p-NH2)2dptaa
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NM R (^-D M SO ), 8„/ppm: 8.0 (s, 4H, CH macrocyclic), 7.6 and 6.8 (m, 8H, 
aromatic 1,2-disubstituted benzene), 7.2 and 6.6 (dd, 8H, aromatic 1,2-disubstituted 
benzene), 5.0 (s, 4H, NH?).
The UV spectrum of Ni(p-NH2)2dptaa shows an absorption band at 302 nm which, as 
with other phenyl-substituted TAAs, is due to the K-bands of the aromatic rings. The 
intense band at 448 nm is attributed to the Soret band with the Q-bands at 540 nm.
UV (DMF), Amax/nm, lO^S/M 'W 1: 302.4, 1.57; 448.0, 1.23; 540.2, 0.25.
The synthesis of Ni(p-NH2)2dptaa was scaled up according to the following method to 
produce enough complex for use in electrochemical investigations.
To a 100 cm3 round bottom flask was added (/?-NH2)2dptaaH2 (0.468 g, 1 mmol) in 
DMF (20 cm3) and the suspension was heated until the ligand had dissolved. To this 
was added a solution of nickel(II) acetate tetrahydrate (0.273 g, 1.1 mmol) in DMF 
(20 cm3) and the resultant solution was refluxed strongly for one hour. The 
completeness of the reaction was checked using UV spectroscopy. The reaction 
mixture was cooled and the Ni(p-NH2)2dptaa precipitated by the addition of a two-fold 
excess of diethyl ether. The brick red solid was filtered off at the pump and dried under 
vacuum at 80 °C overnight
Analytical: Calculated for C30H24N6N i : C, 68.34 ; H, 4.59 ; N, 15.94 %
Found : C, 67.58 ; H, 4.31 ; N, 15.25 %
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6.1 Cyclic Voltam m etry
6.1.1 An Introduction to Cyclic Voltammetry
6.1.1.1 The Principles of Cyclic Voltammetry
Over the past few decades potential sweep techniques, such as cyclic 
voltammetry,151,152 have been applied to an increasing range of systems. Cyclic 
voltammetry itself is nearly always the technique of choice when studying a system for 
the first time and, used qualitatively, provides a convenient‘ electro chemical-picture5 of 
the processes that occur in the system over a voltage range set at the beginning of the 
experiment. The method can also be used quantitatively to determine the exact nature 
of the electrochemical processes and the redox potentials at which they occur. Once 
this has been established experiments can be designed to determine kinetic parameters.
The method of cyclic voltammetry involves sweeping the potential of a cell between 
two limits (Ei and E2) at a known sweep rate ( v ) in a saw-tooth fashion (Figure 6.1).
E2
E
E}
t
Figure 6.1 Variation in potential with time used in cyclic voltammetry
As the potential is swept the current passing through the cell is recorded and the cyclic 
voltammogram is a plot of the voltage (X-axis) against current response (Y-axis). It 
should be noted that in cyclic voltammogram the potential axis is also a time axis as the 
sweep rate is fixed throughout the experiment.
6.1.2 Apparatus for Cyclic Voltammetry
6.1.2.1 The Design of the Electrochemical Cell
Two types of three component cell were used in the cyclic voltammetry experiments, 
one for the non-aqueous and one for aqueous electrolytes. Both cells consist primarily
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of three electrodes, a working electrode, a counter (or secondary) electrode and a 
reference electrode, each of which is contained within its own cell compartment. The 
cell compartments contain electrolyte and are separated by a sinter, a membrane or a 
glass capillary. The working compartment also contains the system to be studied.
(i) The Non-Aqueous Cell. The non-aqueous cell (Figure 6.2) consists of analyte 
and catholyte compartments separated by a Nafion ion exchange membrane. The 
reference compartment is attached to the working compartment via a Luggin probe, 
the purpose of which is to minimise the resistance between the capillary tip and the 
working electrode.
Working electrode
membrane
Figure 6.2 Schematic diagram of the non-aqueous cell
(ii) The Aqueous Cell. Two types of aqueous cell have been used in the course of 
this work: that used at Johnson Matthey consisted of three compartments of equal size 
separated by glass sinters while that used at the University of Surrey was a modified 
version of the non-aqueous cell.
6.1.2.2 Cell Components
(i) Worldng Electrodes. The working electrode provides the reaction interface for
the electrochemical process under study and its nature is therefore of great importance. 
Electrodes used were gold and glassy carbon rod electrodes, sealed in a Teflon
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surround such that only the circular cross-section of the electrode (3.14 mm2) is 
exposed. In order to obtain consistent results an established electrode pre-treatment 
procedure was followed; electrodes were polished sequentially on a micro-cloth 
impregnated with polishing alumina (0.3 p.m and 0.05 p,m). At regular intervals they 
were subject to rigorous cleaning using the above procedure with the excess alumina 
removed by placing the electrode briefly in an ultrasound bath.
(ii) Counter Electrodes. The purpose of the counter electrode is to complete the 
circuit and supply current to the working electrode. It should not impose any 
characteristics of its own on the data being measured and should therefore be inert and 
of large area in comparison to the working electrode. Platinum gauze and silver foil 
were used as counter electrodes for the non-aqueous and aqueous cells respectively.
(Hi) Reference Electrodes. The role of the reference electrode is to provide a fixed 
potential throughout the experiment on which the measured potential can be based. It 
is possible, in some cases, to relate the scale of the reference electrode to other scales, 
for example that of the normal hydrogen electrode (NHE). There are many electrodes 
for use in aqueous systems, including calomel electrodes (Hg/Hg2Cl2, 1 M KC1) 
standard calomel (Hg/Hg2Cl2, saturated KC1) and silver chloride (Ag/AgCl) electrodes. 
The reference electrode used here was a Pt/hydrogen electrode, consisting of a 
platinum wire over which a stream of hydrogen (1 atm) bubbled. Use of the electrode 
in a standard aqueous acid solution (1 M FT) results in a normal hydrogen electrode, 
whose potential is, by convention, zero.
The various reference electrodes are used in non-aqueous media, with no one system 
established as a standard for use in a variety of solvents. For example, aqueous 
reference electrodes (silver chloride, calomel) have been used but are unstable in 
certain solvents. To overcome this problem in the present work, silver wire immersed 
in electrolyte has been used as a pseudo-reference electrode in all non-aqueous 
solvents. This system gives satisfactorily stable potentials in CH3CN, DMF and CH2C12 
electrolytes, and can be used in conjunction with a standard ferrocenium/ferrocene 
couple (Section 6.3.2) for comparison of potentials in different solvents.
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(iv) Electrolyte Solution. Aqueous electrolytes (1 M H2SO4 and 0.5 M Na2S04 made 
to pH 1 by the addition of H2S04) were prepared from doubly distilled water. Non- 
aqueous electrolytes were 0.1 M tetrabutylammonium hexafiuorophosphate (98 %, 
Aldrich, used without further purification) in DMF (BDH, AnalaR), CH2C12 (BDH, 
AnalaR) and CH3CN (Fisons high purity reagent, distilled from CaH2). Solutions were 
prepared in 500 cm3 volumetric flasks and stored over molecular sieves. Prior to the 
experiment solvents in the cell were purged for twenty minutes with helium to remove 
dissolved oxygen.
6.1.2.3 Instrumentation
The instrumentation used for cyclic voltammetry experiments consisted of a Miniscan 
potential sweep generator connected to a Ministat low noise potentiostat, both 
supplied by Thompson Electrochem Limited. The output of the potentiostat was 
recorded on an X-Y chart recorder (JJ Instruments, PL3) using a 1000 Q conversion 
resistor to measure current. In addition, a digital multimeter (Fluke, 8010A) was used 
to check the instrument settings.
6.1.3 Methods of Cyclic Voltammetry
6.1.3.1 Cyclic Voltammetry: A Method for Preliminary Electrochemical
Analysis of Species in Solution
Assuming that all reactants and products are freely soluble in solution and surface 
processes, such as adsorption do not occur, there are essentially three types of 
electrochemical reaction.
(i) Reversible reaction. The cyclic voltammogram produced from a one electron 
oxidation reaction (Equation 6.1) at normal working sweep rates (~ 100 mV/S) where 
only R (the reductant) is initially present in solution is given in Figure 6.3.
r = = 5  o  + ne' 6.1
The peak cathodic potential, Ep, is given where the peak cathodic current, Ip, occurs 
and the peak anodic potential, Ep, corresponds to the peak anodic current, Ip.
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I
Figure 6.3 Cyclic voltammogram for a reversible process
A reversible process is one where the rate of electron transfer is fast in comparison to 
the rate of mass transfer of the electroactive species. The current response is seen to 
increase rapidly until the surface concentration of the reactant O at the electrode 
surface approaches zero and the overall rate of reaction becomes diffusion controlled. 
The current response is significantly increased over that of the steady state response, 
because the diffusion layer (the region next to the electrode) does not have time to 
relax to its equilibrium state in the time scale of the experiment.
The reversible reaction can be described mathematically, giving an expression for the 
peak current density, IP (Equation 6.2).
D = Diffusion Coefficient v = Sweep rate 
n = Number of electrons in redox process
This is known as the Randles-Sevcilc equation and at 25 °C this reduces to the form:
6.2
Where:
00 • nIP = Peak current density co = Concentration of O
IP = -(2.69 x 105)n3/2CoD1/2v1/2 6.3
The peak current density is therefore proportional to the concentration of the
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electroactive species and to the square root of the sweep rate and diffusion coefficient. 
A typical sweep rate experiment consists of recording IP over a range of sweep rates 
and a good test for reversibility is to check if a plot of IP against v * is both linear and 
passes through the origin. If this is so then there are a number of further diagnostic 
tests (Table 6.1) which, if satisfied, confirm the presence of a reversible reaction.
Table 6.1 Diagnostic Tests for a Reversible Reaction
1 EP - EP = 59/n mV
2 ll / I ep = 1
3 IP oc v Vl
4 EP is independent of v
(ii) Irreversible Reaction. An irreversible process occurs when the rate of electron 
transfer is slow compared to the rate of mass transfer of the electroactive species. It is 
quite common for systems that are reversible at slow sweep rates to become 
irreversible at higher ones. This is seen in the voltammogram by an increase in peak 
separation and a decrease in peak height, the reverse peak height decreasing at a faster 
rate than that of the forward peak. At the limit the system becomes completely 
irreversible and there is an absence of a reverse peak. Again, a totally irreversible 
system can be described mathematically in terms of Ip. It is also possible to determine
a relationship between EP and v which is a further test for an irreversible reaction. A 
system that changes from reversible to irreversible has intermediate processes between 
the two limits known as quasi-reversible processes. These can also be represented by 
their own set of diagnostic tests.
(Hi) Coupled Homogeneous Reaction. Cyclic voltammetry is probably the most 
powerful tool available for studying coupled chemical reactions. In most studies, one 
of the reactants in the chemical reaction (O) is produced by electron transfer at the 
electrode surface (Equation 6,4) and this reacts chemically (Equation 6.5).
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These systems are known as following chemical reactions, and oxidative 
electropolymerisation is an example of this type of reaction. There are also systems 
where a chemical reaction determines the concentration of the electroactive species, 
known as preceding chemical reactions. In both of these cases the cyclic 
voltammogram observed depends on the relative rates of each of the two steps.
6.1.3.2 Cyclic Voltammetry: A Method for the Preparation and Analysis of 
Conducting Polymers
Cyclic voltammetry is a powerful tool for both preparing conducting polymer coatings 
by coupled homogeneous reactions and analysing the films once formed.
(i) Oxidative Electropolymerisation. Most conducting polymers are prepared from the 
anodic oxidation of suitable monomers with the polymer forming in the doped i.e. 
conducting state. Although the mechanism of polymerisation has not yet been fully 
explained, it is certain that the first step is oxidation of the neutral monomer to the 
radical cation. Coupling reactions of these monomers result in neutral dimers, which 
are easily oxidised, and chain growth is via addition of oxidised monomers to the 
already charged dimer (oligomer). Experimentally, conducting forms of polymers can 
often be formed either by constant potential electrolysis or potential sweep techniques. 
The latter generally produce more stable films and can be used to investigate not only 
the processes responsible for polymerisation, but also the charging and discharging of 
the film once formed. The increase in resistance of the electrode as the polymer is 
deposited causes an increase in current with each successive sweep resulting in a 
characteristic contour-type CV.
(ii) Electrochemical Analysis o f Surface Coatings. Once an electroactive species 
becomes attached to the surface of an electrode, by either adsorption or 
electropolymerisation, then the loss of the mass transfer mechanism of charge transfer 
results in a change in the cyclic voltammogram. If only the immobilised species is 
electroactive by a reversible process, a symmetrical response is produced (Figure 6.4). 
This response is due to the fixed amount of reactant at the electrode surface and, 
where the adsorption can be described by the Langmuir isotherm, then Ep = Ep and
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/ p =
»2a2 r0
4 RT
6.6
Where r 0 = Surface excess of O before the start of the sweep
The peak current is therefore proportional to the sweep rate. The area under the 
cathodic peak, Q, is the total charge associated with the reduction of the immobilised 
layer and, using Equation 6.7, can be used to calculate the surface excess of the 
reactant O.
r0 = Q.nF
6.7
There are also cases of irreversible and quasi-reversible reactions of surface active 
species.
It should be noted that the above statements are only valid for monomolecular layers. 
In the case of polymer films with layer thickness, account must be taken of the fact that 
charge transport is dependent on both electron exchange between neighbouring redox 
sites and the flux of counter ions within the film. The processes can be adequately 
described by the laws of diffusion and all variants of diffusive mass transport are 
possible depending on factors such as film thickness. For the CV experiments this 
implies that as the sweep rate increases there must be a shift from the mirror 
symmetrical response with I proportional to v to the classical asymmetrical 
voltammogram with I proportional to v y\
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6.2 Electrochemistry of the T A A s
6.2.1 Introduction
As with the synthesis of the TAAs, the electrochemistry of these compounds is best 
studied in categories depending on structure. In general, the metal-free ligands give 
good electrochemical responses in organic solvents, usually only limited by poor 
solubility. Assignments for ligand-centred redox processes are often easily made. Metal 
complexes, usually less soluble, often give a more stable response although exact 
assignments for metal-centred redox processes may not always be possible.
6.2.2 Ligands Based on TaaH2
The non-aqueous electrochemistry of taaH2 and its nickel(II), cobalt(II) and 
palladium(II) complexes was first studied by Kadish and co-workers in 19to67' Single 
electron oxidations and reductions were recorded for both ligand and metal complexes 
and the results compared with the electrochemistry of TPP type compounds. The 
absence of reverse reduction peaks after the first oxidation of the ligand and all its 
complexes was attributed to spontaneous chemical reactions of tc cation radicals, 
although no attempt was made to ascertain the nature of these reactions. More 
recently, a detailed investigation of Nitaa and Cutaa153 shows the complexes 
polymerise in the same way first noted for complexes of tmtaaH2 (see below). Indeed 
the rate of polymerisation is increased in the absence of methyl groups by a factor of 
~6. Thus, cycling a solution of Nitaa in acetonitrile electrolyte (AE = -2.0 - +1.4 V) 
resulted in the deposition of polyNitaa at the electrode and a distinctive CV showing 
build-up in current as the polymer forms. Although, taaH2 undergoes spontaneous 
reaction on oxidation there is no account of it polymerising as Nitaa and Cutaa do.
Coupling reactions of the type that occur in Nitaa may be useful for attaching the 
TAAs to electrodes but generally hinder measurement of formal redox potentials. 
Electrochemical analysis of 7,16-(Me)2taaH2 and 2,3,7,11,12,16-(Me)6taaH2 and their 
cobalt(II) and nickel(II) complexes shows oxidation and reduction as reversible 
processes, accounted for by the blocking of coupling reactions by bridge-head
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substituents.154 However, unsymmetrical TAAs with only one bridge-head substituent 
such as 7,15,17-(Me)3taaH2 and 7-MetaaH2 have been deposited as films on electrodes 
and this suggests that only dimers may be present.155
6.2.3 Ligands Based on TintaalL
One of the first reports of a TAA undergoing a controlled redox process was in 1972 
when Truex and Holm reported the one- and two-electron oxidation of Nitmtaa.156 
Later McElroy and Dabrowiak reported the constant potential electrolysis of a solution 
of Nitmtaa in acetonitrile and proposed the presence of dimers (Figure 6.5) from 
radical-radical coupling reactions of the oxidised form of the ligand .157
Figure 6.5 Nitmtaa dimer
It was, however, largely the work of Bailey and the group at the North Carolina State 
University that renewed interest in the electrochemistry of these compounds. They 
showed a series of Nitmtaa complexes to have two characteristic oxidation and one 
reduction wave in the single sweep cyclic voltammogram.66 The two oxidations were 
non-reversible and assigned as ligand based (L+/0, L2+/+) while the reduction was 
reversible and, even though at similar potential to the reduction of the free ligand 
(L°/-),67 was assigned to a Ni(I)/(II) couple on the basis of ESR measurements. In a 
follow-up paper it was reported that films of the Nitmtaa complexes could be grown 
by continuously cycling the voltage of solutions in acetonitrile electrolyte between -2.0 
and +1.4 V.158 Films were formed on Pt, Au, glassy carbon and Sn02 electrodes, 
surface coverages were calculated, and the films were characterised by UV, IR and X- 
ray photoelectron (XPS) spectroscopy and their surface morphology studied by SEM.
Chapter 6 Electrochemistry 172
Cutmtaa159,153 Pdtmtaa and Pttmtaa160 show a similar electrochemistry to Nitmtaa, both 
in single sweep and polymerisation experiments, but the response of Cotmtaa in 
acetonitrile is somewhat different.159 Perhaps unexpectedly, the CV shows three 
reversible oxidation peaks (L2+/x, L+/0, and Co(II)/(III)) and a single reduction peak 
(Co(I)/(II)), which is also reversible. The response is different in CH2C12 where the 
ligand based oxidation waves become irreversible. However, even then, there is no 
report of the Cotmtaa polymerising as for the other M(II) complexes. Cotmtaa has 
been shown to form adducts with pyridine and superoxide (02~) although films of 
electropolymerised Cutmtaa on a platinum electrode are the only films shown to 
catalyse the reduction of 0 2 and 02‘. As with taaH2 type compounds bridge-head- 
substituted derivatives of tmtaaH2161,162 show reversible redox processes without 
coupling reactions. More recently Deronzier and Marques, have suggested a detailed 
mechanism for the polymerisation of Nitmtaa and Cutmtaa.163
6.2.4 Ligands Based on DptaaH2
There are few references to the electrochemistry of phenyl-substituted TAAs, perhaps 
owing to synthetic difficulties or their lack of solubility in common organic 
electrolytes. Abelleira and Walsh have reported much of what is known, including 
formal oxidation potentials for dptaaH2, (p-Me)2dptaaH2, (/?-OMe)2dptaaH2 and 7,16- 
(napthyl)2taaH2 and many of their known metal(II) complexes (iron(II), cobalt(II), 
nickel(II) copper(II) and zinc(II)).164 As with taaH2 and tmtaaH2, two rapid, 
irreversible one electron oxidations were observed for the metal-free ligands, but again 
there is no report of film formation. No reduction potentials of ligands or M(I)/(II) 
couples were given, but the cobalt(II) and iron(II) complexes showed the expected 
M(II)/(III) couples. Many of the traces show reverse cathodic peaks and the authors 
suggest that the rate of any spontaneous chemical reaction is slow compared to the 
coupling reactions observed for taaH2, tmtaaH2 and their nickel(II) complexes. The 
presence of these reverse peaks suggests that, as would be expected, substitution at the 
bridge-head position prevents coupling and the formation of films.
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6.3 Electrochemical Analysis o f Solvents and Internal References
6.3.1 Analysis of Solvents
Aqueous and non-aqueous electrolytes were prepared (Section 6.1.2.2) and their 
electrochemistry studied to determine the limits of linear current response (solvent 
window).
v = 100 mV/S y = 10 p.A/cm
Reference Electrode = Ag wire Working Electrode = Au
Using the above conditions the following solvent windows were recorded.
CH3CN AE = -2.2 - +2.2 V
CH2Cl2 AE = -1.9 - +1.6 V
DMF AE = -1.9 - +1.5 V
It was important to deoxygenate the solvents well by purging with helium for twenty 
minutes. Extended purging times were sometimes needed, particularly for electrolytes 
based on DMF where an oxygen peak (Ep = -1.0 V) would often still be present after 
purging for twenty minutes. The anodic response for CH3CN was variable (dependent 
on the peak cathodic potential) and if only the anodic region was scanned has a 
maximum value of only +1.5 V.
Figure 6.6 Solvent windows for non-aqueous electrolytes used in electrochemistry experiments
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6.3.2 Analysis of Internal Standards
Once the solvent window had been determined the working compartment of the cell
was emptied and the electrolyte used to make a lx l O'2 M  ferrocene solution. To a 50 
.flask
cm3 volumetric/was added ferrocene (0.093 g, 5x10' M ) and the V o w a s  made up 
with electrolyte solution. This was then returned to the cell and the cyclic 
voltammogram recorded. In each case the ferrocenium/ferrocene (Fc+/Fc) couple was 
recorded as a single one electron reversible redox process which conformed to the set 
of diagnostic tests (Section 6.1.3.1). The formal redox potential of the reversible 
process (Ef) was then calculated using Equation 6.8 (Table 6.2).
v = 100 mV/S y = 40 |_iA/cm
Reference Electrode = Ag wire Working Electrode = Au
Table 6.2 Potentials (V ) of (Fc+/Fc) Couple in Different Electrolytes vs Silver Wire
Pseudo-Reference Electrode
Electrolyte AE Ep Ep Ef
c h 3c n -1.5- 1.5 +0.075 +0.375 +0.225
c h 2ci2 -1.5 - 1.5 +0.46 +0.72 +0.59
DMF -1.5- 1.5 +0.40 +0.62 +0.51
Ef =: (E P + e ; ) / 2 6.8
The use of the ferrocenium/ferrocene (Fc+/Fc) couple as an internal standard for 
reporting redox potentials of couples in non-aqueous solvents is well doumented.165 
Unlike in aqueous electrolytes there is no universal reference electrode for non- 
aqueous electrolytes. To overcome this problem ferrocene can be added to the 
electrolyte and the potential of a system reported against the standard (Fc+/Fc) couple 
(E° = +0.40 V  vs NHE). The values calculated above are the redox potentials of the 
(Fc+/Fc) couple recorded against a silver wire pseudo reference electrode and were 
initially recorded to give an indication of the region in which the reference couple 
would appear. This is important as the (FcVFc) couple may be inappropriate as an 
internal standard for some systems due to the overlap of its response with those of the
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system studied. In these cases compounds such as cobaltocene (E° = -0.918 V vs 
NHE) or any of a variety of aromatic compounds may be used and potentials related to 
the (Fc+/Fc) couple through a second experiment.
6.4 Electropolymerisation of Pyrrole and Aniline
6.4.1 Introduction
To gain some experience in the electrochemical synthesis of conducting polymers, 
films of polypyrrole (PPy) and polyaniline (PANi) were prepared. Both are synthesised 
from the oxidative electropolymerisation of the corresponding monomer, with PPy 
prepared in non-aqueous and PANi in non-aqueous and acidic aqueous electrolytes.
6.4.2 Poiypyrrole (PPy)
Conducting films of polypyrrole were first prepared by Diaz and co-workers39 by the 
oxidative electropolymerisation of pyrrole in acetonitrile. The same group later 
reported the conductivities of poiypyrrole and mixed films prepared from pyrrole and 
A-methylpyrrole166 and the presence of both conducting and insulating forms of the 
polymer. In general, poiypyrrole films prepared under controlled electrochemical 
conditions adhere well to metallic electrodes and have good electrochemical stability. 
The polymer has also been formed in aqueous electrolytes,167 the structure and 
mechanical properties of films have been studied,168 and a mechanism of polymerisation 
suggested37 (Scheme 6.1).
In this work, poiypyrrole was prepared following the method of Diaz. Pyrrole was 
added to the working compartment of a non-aqueous cell containing CH3CN 
electrolyte using a microsyringe to give a solution of known concentration (lxlO '4 M). 
The solution was deoxygenated and the first sweep (AE = -0.5 - +1.4 V ) recorded 
(Figure 6.8).
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Scheme 6.1 Suggested mechanism for the formation of polypyrrole
Other electrochemical conditions for the experiment are recorded below and, using the 
same conditions, sweep numbers 2-16 were also recorded (Figure 6.9).
v = 100 mV/S y = 40 pA/cm
Reference Electrode = Ag wire Working Electrode = Au
The first scan shows a single non-reversible oxidation peak which is reasonably 
attributed to the oxidation of the pyrrole monomer (Ep^onrf +1.2 V). The peak is non 
reversible because the oxidised pyrrole monomer undergoes spontaneous coupling 
reaction to produce the pyrrole dimer. Subsequent scans produce a build up in the 
current response at this potential and the additional build up of a reversible response 
which is attributed to the redox processes of the polymeric form of pyrrole (E£(poi) =  
+0.5 V, Ep(poi) = +0.25 V). These results agree well with those given in the literature
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( Ep (nion) = +1.5 V, Ep (Poi) -  +0.62 V vs Ag/AgCl). At the end of the experiment the 
electrode was removed from the cell and on close examination the presence of a dark 
black film was noted.
The cell was emptied, filled with clean CH3CN electrolyte and the electrode replaced. 
The voltammogram recorded over the same potential range and sweep rate that was 
used to prepare the film showed a broad reversible response due to charging and 
discharging of the polymer (Ep = +0.6 V, Ep = +0.25 V). The dependence of this 
response with sweep rate was not determined.
6.4.3 Polyaniline (PANi)
Aniline shows a more complex electrochemistry than pyrrole and, depending on the 
reaction conditions, polymerisation results in differing forms of polyaniline. PANi may 
be prepared electrochemically in aqueous electrolytes where its structure is pH 
dependent or in non-aqueous electrolytes. Although it is usually assumed that PANi 
has a chain structure with head-tail connection between aniline units, the existence of 
cyclic structures and head-head connection has also been postulated.37 It is generally 
accepted that there are different, possibly coexisting, forms of PANi including forms 
with free amines (NH2), imines (=NH) and protonated amines and imines. It has been 
suggested that, when formed in aqueous media, PANi can exist in four idealised forms 
(Figure 6.7) two of which (1A and 2A) are based on the amine and two of which (IS  
and 2S) are based on the ammonium salt.169 Polyaniline can be prepared 
electrochemically as ‘aniline black’ from the oxidative electropolymerisation of aniline 
in 1 M  H2S04 at a potential of +0.8 volts.170 The product is a powder which adheres 
poorly to the electrode surface and it was not until Diaz and Logan investigated the 
system using a cycling potential that strongly adhering electroactive films were 
prepared.171 Similar polymerisations using aqueous 0.5 M Na2S04 at pH = 1 (H2S04) 
as electrolyte have been reported172 and it was this system that was used to prepare 
films of polyaniline in aqueous electrolyte here.
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Ammonium Salt Form (S)
Free Amine Form (A)
Figure 6.7 Four idealised forms of polyaniline
An aqueous cell was filled with 0.5 M  Na2S04, which had been adjusted to pH = 1 by 
the addition of concentrated H2S04, and the solvent window of the electrolyte was 
determined.
v == 100 mV/S y = 10 p. A/cm
Reference Electrode = Ag wire Working Electrode = Au
0.5 M N a2S04(pH = 1) AE = -0.7 - +0.9 V
Aniline was added to the working compartment of the cell with a microsyringe to give 
a 1 xlO'3 M solution. The first scan over the linear voltage range of the electrolyte 
revealed a single non reversible anodic peak which is attributed to the oxidation of the 
aniline monomer (Ep(mon) = +0.46 V, Figure 6.10). Subsequent scans over the same 
voltage range produced three symmetrical responses (Ep = -0.1, +0,15 and +0.5 V) 
and the area under each increased rapidly with each scan (Figure 6.11). The following 
conditions were used.
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v = 100 mV/S y = 20 pA/cm
Reference Electrode = Ag wire Working Electrode = Au
At the pH used aniline will polymerise in the ammonium salt (S) form and the peaks 
produced in the CV are due to two electrochemical oxidation steps in PANi, a number 
of different mechanisms for which have been suggested.37,173 At the end of the 
experiment the electrode was removed and was coated in the dark black PANi.
Polyaniline may also be prepared electrochemically in non-aqueous solvents, although 
these systems have been little studied. Electrochemical analysis of a lxl0"4 M solution 
of aniline in CH3CN electrolyte (AE = -0.5 - +1.3 V ) was found to result in an initial 
peak (EiLmonrf +1.05 V) due to monomer oxidation. Repeated scans resulted in a very 
slow build up in the current contours of this peak and a second, very small peak (Ep = 
+0.5 V) suggesting slow polymerisation. A  maximum of about 20 scans were recorded 
before the response became irregular and only very faint electrode coatings were ever 
observed.
Better results were found using lxl O'4 M  aniline in CH2CI2 electrolyte (AE = 0 - +1.6 
V). A  peak due to the oxidation of the monomer (Ep(mon) = +1.25 V) was recorded on 
the first scan (Figure 6.12) and on subsequent scans a reversible peak (Ep(Poi) = +0.9 V, 
Ep(poi) = +0.6 V ) was seen (Figure 6.13). The area under each of these peaks 
increased rapidly with each scan and thick, black films were rapidly produced at the 
electrode.
A  mechanism for the polymerisation in neutral electrolyte has been suggested"’7 
(Scheme 6.2) resulting in a product in the free amine (A ) form. Once formed the film 
can be converted between its two forms by electrochemical oxidation or reduction.
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Scheme 6.2 Suggested mechanism for the formation of polyaniline
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E/V
Figure 6.8 Oxidation of pyrrole monomer in 
CH3CN electrolyte
E/V
Figure 6.9 Formation of PPy in CH3CN 
electrolyte
E/V
Figure 6.10 Oxidation of aniline monomer in 
0.5 M Na2SO„ (pH=l) N
E/V
Figure 6.12 Oxidation of aniline monomer in 
CH2C12 electrolyte
E/V
Figure 6.11 Formation of PANi in 0.5 M 
Na2SQ4 (pH=l)
E/V
Figure 6.13 Formation of PANi in CH2C12 
electrolyte
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6.5 Electrochemistry of TaalHty, Nitaa, Cotaa and D ptaaH 2
6.5.1 Introduction
Experience of the solution cyclic voltammetry of TAA compounds was gained with a 
detailed study of the title compounds. The metal-free ligands taaH2 and dptaaH2 have 
an electrochemistry typical of TAA compounds and the formal redox potentials 
recorded were assigned to ligand centred processes. The cobalt(II) and nickel(II) 
complexes of taaH2 were studied in more detail including measuring formal redox 
potentials and growing films of each at different electrode surfaces. Films of polyCotaa 
were analysed in clean solvent and investigated for their catalytic activity to oxygen 
reduction. The metal complexes of dptaaH2 were found to be too insoluble in the 
chosen electrolytes to give reliable electrochemical data.
6.5.2 TaaH2 and DptaaH2
Saturated solutions of taaH2 in DMF and CH3CN electrolyte were prepared by 
treatment on the ultrasound bath. The taaH2 dissolved well in DMF electrolyte to give 
a dark red solution, but only sparingly in CH3CN electrolyte. The experiment in 
CH3CN electrolyte gave only very weak current responses and the redox potentials 
could not be recorded with great accuracy. The solution in DMF electrolyte, however, 
gives a well defined CV (Figure 6.14) showing three non-reversible responses two of 
which are assigned to ligand oxidations (L+/0 and L2+/+) and the third to ligand 
reduction (L0/', Table 6.3).
v = 100 mV/S y = 20 pA/cm
Reference Electrode = Ag wire Working Electrode = Au
Table 6.3 Redox Potentials (V ) and Assignments for TaaH2
Electrolyte AE/V Ligand Reduction* Ligand Oxidation*
L0/- L+/0 l 2+/+
CH3CN
T—
H
 
+ 1
r—
H
<Ni -1.90 +0.63 +0.90
DMF -2-+1.3 -1.92 +0.65 +0.93
Ep values only, * Ep values only.
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After the redox potentials were measured attempts were made to form films of 
polytaaFI2 by repeatedly cycling the potential between a variety of different voltage 
limits. Although the lack of reverse redox peaks suggests spontaneous reaction, all 
attempts at polymerising the metal-free ligand failed. Both solvents and carbon and 
gold electrodes were used, but there was no indication of polymerisation. The nature 
of the spontaneous reaction was not investigated.
Saturated solutions of dptaaH2 in DMF and CH2C12 electrolytes were prepared by 
treatment in the ultrasound bath, and the redox potentials measured using cyclic 
voltammetry (Table 6.4). The CV recorded in DMF electrolyte is essentially very 
similar to that recorded for taaH2 in the same solvent and shows three non reversible 
peaks, assigned to two ligand centred oxidations and a ligand centred reduction 
(Figure 6.15). The CV recorded in CH2C12 shows the two oxidation peaks have 
reverse components with large peak separations but the peak due to ligand reduction is 
partly obscured as it appears at the end of the solvent window (Figure 6.16).
v = 100 mV/S y = 20 juA/cm
Reference Electrode = Ag wire Working Electrode = Au
Table 6.4 Redox Potentials (V ) and Assignments for DptaaH2
Electrolyte AE/V Ligand Reduction Ligand Oxidation
L°/- L+/0 L2+/+
CH2C12 <
+IOO1 -1.70* +0.90 (180)§ +1.26(300)§
DMF -2-+1.3 -1.60* +0.88t +1.10t
Ep values only,1 Ep values only,§ Ef values with peak separation (rnV) in parentheses.
As with solutions of taaH2, attempts to form films of polydptaaH2, in both solvents 
over different voltage ranges, failed. The lack of reverse peaks in the CV in DMF 
electrolyte again suggests spontaneous reaction of n cation and dication radicals and n 
anion radicals. The nature of these reactions is not known although they are not 
believed to be coupling reactions as the bridge-head position is blocked. The rate of 
the reaction is not as rapid as the coupling reactions reported for other TAAs as 
demonstrated by the reverse peaks that are present in CH2C12 electrolyte.
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Figure 6.14 Cyclic voltammogram 
of taaH2 in DMF electrolyte
-0 2 0 2
E/V
I Figure 6.15 Cyclic voltammogram 
of dptaaH2 in DMF electrolyte
-2.2 -2 -1.8 -1.6 -1.4 -1,2 -1 -08 -0 6 -0.4 -0.2 0 0.2 04 0.6 0.8 1 1.2 1.4 1 6
E/V
Figure 6.16 Cyclic voltammogram 
of dplaaH2 in CH2C12 electrolyte
E/V
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6.5.3 Nitaa and Cotaa
Saturated solutions of Nitaa were prepared in DMF and CH3CN electrolytes by 
treatment in the ultrasound bath. Single sweep cyclic voltammetry of the solution in 
DMF electrolyte (Figure 6.17, Table 6.5) revealed a strong first ligand oxidation (L+/0) 
followed by a second weaker oxidation peak (L2+/+), both of which were irreversible. It 
also showed a reversible reduction peak, assigned to the Ni(I)/(II) couple. A small 
irreversible peak (Ep = -0.74 V ) was at first thought to be dissolved oxygen but may 
be due to reduction of the protonated dimer, as has been seen in the CV of Nitmtaa.163 
Solutions prepared in CFI3CN electrolyte gave very weak current responses after the 
initial scan, accounted for by poor solubility of the complex in this solvent. No reliable 
data was recorded from the single sweep voltammogram in this solvent.
v = 100 mV/S y = 10 j_iA/cm
Reference Electrode = Ag wire Working Electrode = Au
Table 6.5 Redox Potentials (V ) and Assignments for Nitaa
Electrolyte AE/V Metal Centred Ligand Centred
Ni(I)/(H)* L+01- L2+/+t
DMF -1.8-+1.4 -1.58 (80) +0.80 + 1.10
Ef values with peak separation (111V) in parentheses, * Ep values only.
Films of polyNitaa were grown from solutions of Nitaa in both DMF and CH3CN 
electrolyte (Table 6 .6). A saturated solution of Nitaa in DMF electrolyte was first 
repeatedly scanned over the L+/0 and Ni(I)/(II) couples only (AE = -1.8 - +1.0 V). The 
cyclic voltammogram shows anodic build-up of the first oxidation peak (L+/0) and, 
surprisingly, only cathodic build-up in the Ni(I)/(II) system which is at the far limit of 
the solvent’s cathodic response. Scanning the full voltage range (AE = -2.0 -+1.4 V) 
results in a reversible build-up in the L+/0 system, and irreversible build-up in the L2*7' 
and Ni(I)/(II) systems (Figure 6.18). A  large prepeak (Ep = +0.34 V ) is seen for the 
L+/0 system and there is a possibility that, what has been assigned Ni(I)/(II) is, in fact, 
also a prepeak, which could account for its irreversible nature.
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Electropolymerisation in CH3CN (AE = -2 - +1.4 V) gives a very well defined cyclic 
voltammogram initially showing two irreversible ligand oxidations (L+/0, lA /+) and a 
reversible Ni(I)/(II) couple, as in the single sweep voltammogram. The build-up in the 
film is slow, accounted for by the weak solution, and the voltammogram shows little 
change for the first few scans. As the films builds up the two oxidation processes 
become reversible and the peaks increase linearly in size, as do those of the reversible 
metal centre (Scan numbers 10-22 given in Figure 6.19). The presence of prepeaks 
(Ep = -0.1 V,Ep = -1.36 V ) should be noted at the foot of the L+/0 and Ni(I)/(II) 
systems respectively, due to some change in resistivity of films, as has been observed in 
other redox films. Linear film growth rate was observed for scan numbers 10-22, 
indicating a good electron transfer through the film. After this time the electrode was 
removed and was coated in a dark brown film, which was transferred to clean CH3CN 
electrolyte for analysis. The CV in clean electrolyte (AE = -2 - +1.0 V ) displays both 
Ni(I)/(II) and L+/0 reversible couples, which as expected for the electropolymerised 
species, were symmetrical. The stability of these systems is good with only a small 
percentage loss in activity after the first 10 scans. On extension of the positive scan to 
+1.2 volts the L2+/+ system is seen but its stability is weak.
v = 100 mV/S y = 10 pA/cm
Reference Electrode = Ag wire Working Electrode = Au
Table 6.7 Redox Potentials (V ) and Assignments for Formation and Analysis of
PolyNitaa
Electrolyte AE/V Metal Centred
Ni(I)/(H)
Ligand Centred
j +/0 y 2+/+
DMF (formation) -1.8 - +1.4 -1.82* +0.88 +1.20*
CH3CN (formation) -2.0-+1.4 -1,77 (80)* +0.48 (50)* +1.03 (80)*
CH3CN (analysis) -2.0-+1.2 -1.70 (40)* +0.52(50)* +1,10(50)*
*  f  1* aE values with peak separation (mV) in parentheses, EP values only.
These results agree well with those recorded in the literature153 and a mechanism of 
polymerisation is suggested that is similar to that for the polymerisation of Nitmtaa158 
(Scheme 6.3). One noteworthy difference between the cyclic voltammogram of Nitaa
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and that of Nitmtaa is that with the Nitaa response the two ligand oxidations often 
combine to give a single large wave. This is due to the similar redox potential of the 
two oxidations and is not seen in the methyl-substituted ligand as the methyl groups 
act as a barrier to the electropolymerisation. This would also account for the increase 
in polymerisation rate for the complex without methyl substituents.
Epi
(L+'°)
II
N\ >N Ni / \
N  N Eh
(L '^h
X 2 -2I-I
/ T N\ /N= \\ 
V  /Nl\ "//V = N  N : \ \  /  \  _ / /  “^ N  N
-2c”
-2nH
I II
Nx / V ^
Ni / \
N  N 'A J
-2nH+
Rapid
Scheme 6.3 Electropolymerisation of Nitaa
Saturated solutions of Cotaa were prepared in DMF and CFI3CN electrolytes by 
treatment in the ultrasound bath. As expected the single sweep cyclic voltammograms 
were considerably different from those recorded for the nickel(II) complex, Nitaa. In 
DMF electrolyte, in which the complex shows the greatest solubility, current responses 
are weak and the sensitivity had to be increased over the normal range to record 
potential values. The CV (Figure 6.20) shows two definite reversible oxidations and 
single reversible reduction. The first oxidation is at lower potential than any of the L ,/0
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systems recorded for similar TAAs and is reasonably attributed to the Co(II/III) 
system. The second oxidation (L+/0, E1 = +0.5 V) is at a slightly lower potential than 
the peak anodic current recorded for the same process in the free ligand and the 
nickel(II) complex (Ef, = +0.65, +0.80 V  respectively). However, both of the 
oxidations for Cotaa are at potentials close to those given in the literature.164 although 
the second oxidation (L+/0) appears slightly unstable and is often seen without its 
reverse component. The presence of a definite L2+/+ system could not be detected 
although there is a steady rise in current above +0.7 V. As with Nitaa it appears that 
the L//0 and L2+/+ oxidations are somewhat degenerate and often no discrete oxidation 
waves exist. Again this may in part be due to the absence of methyl substituents and
part due to the presence of metal ion stabilising the n cation radical by delocalising the
/>
electron density throughout the macrocyclic system. The reduction system (E = -1.25 
V) is at a more positive potential than that recorded for the L0/' couple of the free 
ligand (E f = -1.92 V ) and is assigned to the metal-centred Co(I)/(II) system. The 
voltammogram produced from a solution of Cotaa in CH3CN (Figure 6.21) again gave 
weak current responses, although the same electroactive regions were recorded as in 
DMF electrolyte (Table 6.7).
v = 100 mV/S y = 10 pA/cm
Reference Electrode = Ag wire Working Electrode = Au
Table 6.7 Redox Potentials (V ) and Assignments for Cotaa
Electrolyte AE/V Metal Centred Ligand Centred
Co(I)/(II) Co(II)/(III) L+/0*
DMF -1.7 - +1.3 -1.25 (60) +0.12(80) +0.50 (120)
CH3CN -1.5 -+1.4 -1.22 (40) +0.22 (60) +0.70(100)
* Ef values with peak separation (mV) in parentheses
PolyCotaa was prepared from a saturated solution of Cotaa in CH3CN electrolyte by 
continuously cycling the voltage between -1.7 and +1.3 volts. Other experimental 
conditions are recorded below. Initially, the voltammogram resembles that produced 
on a single sweep and gives only very faint waves. The first 20 scans were recorded 
and show three electroactive regions, with the current response of each increasing at a
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faster rate with each scan. This would tend to indicate a slow initial polymerisation rate 
that increases as the film forms and establishes itself as a site for further 
polymerisation. Scan numbers 20 - 43 (Figure 6.22) show linear increase in current 
with scan number, indicating a stable, well conducting film. The waves have been 
assigned to two reversible metal-centred redox processes (Co(I)/(II) and Co(II)/(III)) 
and a reversible ligand centred process (L+/0, Table 6.8). All attempts to prepare 
polyCotaa from saturated solutions of Cotaa in DMF failed.
v = 200 mV/S y=  10 pA/cm
Reference Electrode = Ag wire Working Electrode = Au
Table 6.8 Redox Potentials (V ) and Assignments for formation of PolyCotaa
Electrolyte AE/V Metal Centred Ligand Centred
Co(I)/(II)* Co(II)/(III) L+/0*
c h 3c n -1.5 -+1.4 -1.22(40) +0.22 (60) +0.70(100)
* Ef values with peak separation (mV) in parentheses
Films of polyCotaa prepared from CH3CN electrolyte were analysed first in clean 
CH3CN electrolyte to establish the charge transfer properties, and secondly in aqueous 
acid to test catalytic activity to oxygen reduction and stability. The CV of the film 
recorded in clean CH3CN (AE = -0.3 - +1.4 V) shows a single response with both 
forward and reverse components (Figure 6.23). The response (Ep = +0.85 V, Ep = 
+0.35 V ) has a large peak separation (0.5 V), considerably larger than the maximum 
expected for a normal one electron reversible process (59 mV). The redox properties 
of the polymeric film do not produce a symmetrical response suggesting additional 
charge transfer processes to those that occur in a monolayer.
The film produced appeared to be stable in clean CH3CN electrolyte with only a slight 
decrease in the response after the first 10 scans. No attempt was made to assess the 
effect of sweep rate on the response recorded.
v = 200 mV/S y -  20 p.A/cm
Reference Electrode = Ag wire Working Electrode = Au
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Me^
The gold electrode was cleaned and a second film of polyCotaa grown in CH3CN 
electrolyte using the conditions described above. The electrode was removed from the 
non-aqueous cell and washed with water and acetone, and dried. It was then placed in 
an aqueous cell containing 1 M H2S04 electrolyte and was assessed using two different 
conditions. Firstly, the voltage was scanned at a fast sweep rate (200 mV/S) across 
whole of the positive voltage range for the solvent (AE = 0 - +1 V) as was done in 
non-aqueous solvent and the redox properties of the film recorded.
A  CV was produced (Figure 6.24) that shows a single reversible-type process due to 
charging and discharging of the polymer film (Ep = +0.50 V, Ep = +0.32 V). Again 
this response is non-symmetrical although the peak separation (180 mV) is nearer that 
of a one electron reversible process. The response is stable under these conditions and 
shows little loss in activity after the first ten scans.
v = 100 mV/S y = 20 pA/cm
Reference Electrode = NHE Working Electrode = Au
Secondly, a smaller voltage range was scanned (AE = +0.4 - +0.9 V) at a slow sweep 
rate (1 mV/S) to simulate steady state conditions. This procedure was repeated in 1M 
H2SO4 electrolyte that was previously purged with helium for half an hour and then 
with a stream of oxygen passing over the surface of the electrode.
With the smaller voltage range and slow sweep rate, and after purging with helium, the 
CV shows a near linear response as would be expected for a stable film under inert, 
steady state conditions. After purging with oxygen and scanning using the same 
conditions, a large cathodic response is produced (Ep = +0.42 V). The potential of the
C
onset of cathodic current (B^nset = +0.68 V ) can also be recorded from the trace and is 
a more useful parameter as Ep is probably dependent on mass transfer. The peak, 
arising from oxygen reduction, shows a significant voltage loss from the maximum 
value of +1.23 V which is the equilibrium potential for the complete four electron 
reduction of oxygen, 6  • 7~Sr)
v = 1 mV/S y = 5 pA/cm
Reference Electrode = NHE Working Electrode = Au
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Figure 6.17 Cyclic voltammogram 
of Nitaa in DMF electrolyte
polyNitaa in DMF electrolyte
E/V
E/V
Figure 6.19 Formation of 
polyNitaa in CH3CN electrolyte
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Figure 6.20 Cyclic 
voltammogram of Cotaa in 
DMF electrolyte
Figure 6.21 Cyclic 
voltammogram of Cotaa in 
CH3CN electrolyte
E/V
E/V
Figure 6.22 Formation of 
polyCotaa in CH3CN electrolyte
E/V
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Figure 6.23 Assessing a film of 
polyCotaa in CH3CN electrolyte
E/V
Figure 6.24 Assessing a film of 
polyCotaa in 1M H2S04 
electrolyte
E/V
Figure 6.25 Assessing a film of 
polyCotaa for activity to oxygen 
reduction in 1 M H2S04 
electrolyte
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6.6 Electrochemistry of (/>-NH2)2dptaaH 2, Ni(/?-NH2)2dptaa and 
Co(/?-NH2)2dptaa
6.6.1 (p-NH2)2dptaaH2
6.6.1.1 Single Sweep Cyclic Voltammetry of (p-NH2)  2dptaaH2
Saturated solutions of (/?-NH2)2dptaaH2 were prepared in fresh DMF, CH2C12 and 
CH3CN electrolyte by treatment in the ultrasound bath. The solubility of the ligand 
decreases in successive electrolytes in the order given, with DMF giving dark red 
solutions and CH3CN lighter, more opaque solutions. Single sweep cyclic 
voltammograms over the complete solvent window were recorded at a freshly polished 
gold electrode, and assignments made for ligand centred redox processes (Table 6.9). 
The response in CH3CN electrolyte (Figure 6.26) is typical for the metal-free TAA  
compounds and its shape can be compared to that of taaH2 and dptaaH2 (in DMF 
electrolyte). It shows two irreversible ligand oxidations (L+'° and L2+/+) and a single 
irreversible ligand reduction (L0/‘).
Much the same assignments were made for the CV recorded in DMF electrolyte 
(Figure 6.27), although the increase in solubility of the ligand in this solvent does not 
improve the CV produced. In fact, the CV of (p-NH2)2dptaaH2 in DMF electrolyte 
shows much broader L+/0 and L2+/+ systems with the L+/0 sometimes appearing as a 
double peak (peak separation 120 mV), an observation that is not easily accounted for. 
Comparison of potentials for the L +/0 couple in DMF electrolyte suggests the first 
oxidation of (p-NH2)2dptaaH2 (E f = +0.70 V ) is more readily achieved than the same 
process in the phenyl-substituted ligand dptaaH2 (E f = +0.88 V), but that both ligands 
are more resistant to oxidation than the unsubstituted taaH2 (E f = +0.65 V). The 
aniline and phenyl-substituted TAAs also have L2+/+ couples at higher potential than 
taaH2 (E f = +0.93 V ) although dptaaH2 (E f = +1.10 V ) appears to lose a second 
electron more readily than (p>-NH2)2dptaaH2 (E f = +1.25 V).
Considerable differences in the oxidation peaks occur when the CV of (p- 
NH2)2dptaaH2 is recorded in CH2C12 electrolyte (Figure 6.28). Here, both the L+/0 and
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L2+/+ systems are present as reversible waves with the peak separation of the L2W< 
system (400 mV) four times that of the L+/0 (100 mV). Unfortunately, this electrolyte 
has a small negative potential window and no L0/' couple was detected before the 
potential limit of the solvent was reached. Comparisons of potentials in this solvent 
also suggest that the first oxidation of (p-NH2)2dptaaH2 (Ep = +0.58 V ) occurs at a 
lower potential than that of dptaaH2 (Ep = +0.96) but that the second oxidation of the
phenyl-substituted ligand (Ep = +1.36 V) is at lower potential than the same process
in the amine substituted ligand ( Ep = +1.40 V).
v = 200 mV/S y = 10 pA/cm
Reference Electrode = Ag wire Working Electrode = Au
Table 6.9 Redox Potentials (V ) and Assignments for (/?-NH2)2dptaaH2 
Electrolyte AE/V Ligand Reduction Ligand Oxidation
c h 3c n -2.1 - +1.4 -1.82* +0.48* +1.02*
c h 2ci2 -1.7 - +1.6 - +0.51 (100)§ +1.16
(400)§
DMF -2.0-+1.3 -1.66* +0.70* +1.25*
Ep values only,1 Ep values only,§ Ef values with peak separation (mV) in parentheses
Analysis of these results suggests the redox processes in acetonitrile and DMF are 
followed by rapid homogeneous chemical reactions possibly of the type that were 
observed for dptaaH2. These reactions occur despite bridge-head substitution although 
their rate is obviously diminished in CH2C12 where reverse waves become apparent.
6.6.1.2 Electrochemical Preparation of Poly(p-NH2) 2dptaaH2
Attempts to prepare poly(p-NH2)2dptaaH2 were at first concentrated on solutions of 
the metai-free ligand in CH3CN electrolyte. Scanning across the whole solvent window 
(AE = -2.0 - +1.4 V, v = 100 mV/S) resulted in a rapid decrease in current response 
with each scan until after 8 scans no response was observed (Figure 6.29). This was 
attributed to the formation of a non-conducting film, although only a slight deposit
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could be seen at the electrode when it was examined on removal. Scanning only 
positive potential proved more successful, producing conducting films, although the 
build-up in polymer in this electrolyte is very slow. The nature of the film produced 
proved very dependent on the size of potential window employed, and to a great 
extent on which redox processes in the single sweep voltammogram were repeatedly 
scanned. For example, by far the best films were prepared by scanning the first 
oxidation peak (AE = 0 - +0.8 V, v = 200 mV/S). This L+/0 system, which appears 
irreversible on the first sweep, contains a reversible component on repeated scans and 
the current response of forward and reverse components builds slowly with each 
successive scan (Figure 6.30). After scanning for ten minutes under the above 
conditions the electrode was removed from the cell and was seen to be coated in a thin 
green-black film. These films were not analysed further due to the formation of better 
films in CH2CI2 electrolyte. If the positive potential limit is increased to include the 
potential at which the second ligand oxidation occurs (L2+/+ = +1.02 V) then a decrease 
in the efficiency of film formation is seen. For example, scanning between 0 and 1.4 
volts at 200 mV/S results in a decrease in current for both the L+/0 and L2+/+ systems, 
indicating the formation of a passive film (Figure 6.31).
Repeated scanning of a solution of fy?-NH2)2dptaaH2 in DMF electrolyte between 
various potential limits at different sweep rates proved disappointing, with no 
indication of any film build-up. Scanning across the whole solvent window (AE = -1.9 
- +1.4 V, v = 100 mV/S) produced a reasonable first scan (as recorded in the single 
sweep CV), but all subsequent scans produced a flat response (Figure 6.32A), possibly 
indicating passive film formation on the first sweep. Much the same was noted if only 
positive potentials were examined (AE = 0 - +1, 0 - +1.2 and 0 - +1.4 V, v = 100 
mV/S) with no indication of redox processes or film formation after the first scan 
(Figure 6.32B). Subsequent isolation of poly(p-NFI2)2dptaaH2 shows the polymer to be 
soluble in DMF which may help to account for these observations.
The most successful set of experiments used to prepare films of poly(/7-NH2)2dptaaH2 
w#? those employing CH2C12 electrolyte. As with CH3CN electrolyte, scanning across 
the whole potential range (AE = -1.7 - +1.6 V, v = 100 mV/S) results in a decrease in
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current with each successive scan until, at scan number eight, the response is 
effectively that of the solvent alone (Figure 6.33). Much the same results are seen if 
just the positive region of the CV is examined to the same potential limit. Thus, cycling 
between 0 and +1.6 volts, the L+/0 and L2+/+ reversible systems can be seen, but are 
rapidly followed by a decrease in response until, by scan number six, only a blank 
response is produced (Figure 6.34). As with similar films formed this way in CH3CN 
the electrode was removed after each of these experiments and, on examination, was 
covered in a thin light brown film. All attempts to prepare thicker films of poly(p>- 
NH2)2dptaaH2 under the above conditions failed with the products of polymerisation 
rapidly passivating the electrode surface. Films formed under these two sets of 
conditions are therefore believed to have a high resistivity and show poor charge 
transfer properties.
Conducting films of poly(p-NH2)2dptaaH2 were prepared by scanning in the range -0.2 
to +1.1 volts using the following conditions.
v = 200 mV/S y = 10 p. A/cm
Reference Electrode = Ag wire Working Electrode = Au
The CV produced after the first scan (Figure 6.35A) shows the L+/0 system with a large 
reversible component (E f = +0.70 V, Ef = +0.48 V). After the first five scans Ef is 
seen to have increased slightly (+0.74 V), If is seen to increase slowly and the peak 
anodic current at +1.1 volts increases rapidly. Also, Ef is seen to increase (+0.57 V ) 
and If is seen to decrease at a rapid rate (Figure 6.35B). Continuously cycling the 
potential after scan number five (Figure 6.35C) results in a linear increase in the L+/0 
forward system, similar increases in the peak anodic current at +1.1 volts and an 
increase in the current of the reverse component (E f = +0.60 V). The current 
continues to build at a steady rate for the first ten scans before the rate of 
polymerisation rapidly diminishes and the maximum surface coverage is approached at 
approximately 15 scans. The electrode was removed after the first ten cycles and was 
found to be coated in a thick dark brown coating of poly(p-NH2)2dptaaH2.
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Similar films can be prepared by scanning below +1.1 volts (e.g. -0.2 - +1.0 V) but all 
attempts at polymerisation using voltages above +1.1 volts failed. For example, cycling 
between -0.2 and +1.2 volts causes a decrease in both L+/0 and L2+/+ systems and no 
build-up in any other system (Figure 6.36). The effect the L2+ + system has on the 
mechanism of polymerisation is not known. It does, however, appear that increasing 
the potential to include this couple (Ef = +1.16 V) results either in intermediates that 
do not polymerise or in films that are highly resistive and do not build readily.
Once the conditions for growing efficient, conducting coatings of poly(/?- 
NH2)2dptaaH2 had been established a number of other electrochemical experiments 
were employed to obtain more information about these films. First films of polyQ?- 
NH2)2dptaaH2 grown in CH2CI2 under the conditions listed above were analysed in 
clean CH2C12 electrolyte. The sweep rate dependence of the response in clean 
electrolyte was recorded as were values for the charging and discharging of the film. 
Using the same polymerisation conditions the maximum surface coverage was 
estimated and, based on molecular dimensions of dptaaH2, used to estimate the 
maximum number of polymer ‘layers’ at the electrode surface. Films were also 
analysed in aqueous acidic electrolyte, and using a platinum foil electrode enough 
polymer was grown to be spectroscopically analysed. These results, along with a 
comparison of the electrochemistry of (p~NH2)2dptaaH2 with aniline and other aniline- 
substituted macrocycles give a good indication of the nature of the conducting films of 
poly(p-NH2)2dptaaH2.
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E/V
Figure 6.26 Single sweep cyclic voltammogram of (p-NH2)2dplaaH2 in CH3CN electrolyte
E/V
Figure 6.27 Single sweep cyclic voltammogram of (p-NH2)2dptaaH2 in DMF electrolyte
Figure 6.28 Single sweep cyclic voltammogram of (p-NH2)2dptaaH2 in CH2C12 electrolyte
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Figure 6.29 Attempted formation 
of poly(f>-NH2)2dptaaH2 in CH3CN 
electrolyte (AE = -2.0 - +1.4 V)
-2 2 -2 -18-16 -1.4 -1 2 -1 -0.8 -06-04-02 0 02 04 06 08 1 12 14 16
E/V
Figure 6.30 Formation of poly(p - 
NH2)2dptaaH2 in CH3CN 
electrolyte (AE = 0 - +0.8 V)
-0.6 -0.4 -0 2 0 02 0 4 0.6 0.8 1
E/V
Figure 6.31 Attempted formation 
of poly(p-NH2)2dptaaH2 in CH3CN 
electrolyte (AE = 0 - +1.4 V)
E/V
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1
Figure 6.32 Attempted formation 
of poly(p-NH2)2dptaaH2 in DMF 
electrolyte
-2 2 -2 -1.8 -1.6 -1 4 -1 2 -1 -08 -06 -0 4 -0 2 0 0 2 04 06 08 1 12 1 4 1 6
E/V
Figure 6.33 Formation of resistive 
poly(p-NH2)2dptaaH2 in CH2C12 
electrolyte (AE = -1.7 - +1.6 V)
-1.8 -1.6 -1.4 -1.2 -1 -0.8 -0.6 -0.4 -0 2 0 0.2 0.4 0 6 0.8 1 1 2 1 4 1 6 1 8
E/V
Figure 6.34 Formation of resistive 
poly(/>NH2)2dptaaH2 in CH2C12 
electrolyte (AE = 0 - +1.6 V)
E/V
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Figure 6.35 Formation of 
conducting poly(p-NH2)2dptaaH2 
in CH2C12 electrolyte
-0.4 -0.2 0 0.2 0.4 0.6 0.8
E/V
1 121416
Figure 6.36 Cyclic 
voltammogram of 
(/?-NH2)2dptaaH2 in CH2C12 
electrolyte (AE -  -0.2 - +1.2V)
-0.4 -0.2 0 0.2 0.4 0.6 0.8 1 1.2 1 4 1.6
E/V
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6.6.1.3 Electrochemical Analysis of Poly(p-NH2) 2dptaaH2
(i) Analysis in Clean CH2Ch- A thick black film of poly(/?-NH2)2dptaaH2 was 
prepared at a gold electrode using the efficient polymerisation conditions mentioned 
above (number of scans = 15). The electrode was removed from the cell, washed with 
clean electrolyte, dried and transferred back to the cell, which had been cleaned and 
filled with clean CH2C12 electrolyte. The response from the film was first recorded 
using the potential range and sweep rate used to grow the film (AE = -0.2 - +1.1 V, v 
= 200 mV/S) and shows both anodic (Ep = +0.68 V) and cathodic (Ep = +0.50 V ) 
peaks on the first scan (Figure 6.37A). This response was, however, not stable with an 
approximate 20 % loss in activity of both forward and reverse processes after 10 
repeated scans (Figure 6.37B). After ten cycles the response became stable and 
showed no further loss in activity for the next twenty scans (Figure 6.37C), with this 
stable response showing an anodic half-peak at +1.1 V and a full cathodic reverse peak 
(Ep = +0.60 V). Increasing the potential range (AE = -0.2 - +1.6 V ) of a freshly 
prepared film shows both the L+/0 and L2+/+ systems on the initial scan (Figure 6.38A) 
but again the response is unstable and rapidly loses intensity, as was seen above. This 
time after ten scans both forward (Ep = +1.23 V) and reverse (Ep = +0.68 V) 
processes are seen in a broad response that is stable to repeated scans (Figure 6.38B).
These results indicate the film is stable in clean electrolyte and shows good electron 
transfer properties. The loss in activity over both ranges on the first few scans may be 
due to unreacted monomer at the electrode surface or incorporated into the film. The 
scan recorded in the range -0.2 to +1.6 volts shows broad peaks due to charging and 
discharging of the film (Ep = +1.23 V, Ep = +0.68 V). These occur over a wide 
voltage range and are non-symmetrical indicating processes of charge transfer other 
than those that would occur in a monolayer. This was verified by determining the 
sweep rate dependence of this stable, reversible couple.
(ii) Sweep Rate Analysis. A  film of poly(//-NH2)2dptaaH2, grown under the usual 
polymerisation conditions, was analysed (AE = -0.2 - +1.6 V ) in clean CH2C12 
electrolyte and cycled at a fast sweep rate ( v = 200 mV/S) until a stable trace was
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recorded. The sweep rate was reduced to 10 mV/Sec and then increased in increments 
to a maximum of 200 mV/Sec, with the voltammogram recorded at each rate. The 
combined traces (Figure 6.39) show an increase in current (trace 1 - 6, 10 - 56 pA) 
and peak separation (120 - 520 mV) with sweep rate (10 -200 mV/Sec). The increase 
in current is not, however, proportional to sweep rate (Figure 6.40), but a plot of 
current against sweep rate1/2 shows a near-linear relationship (Figure 6.41) as would be 
expected for a reversible, diffusion-controlled process.
(iii) Analysis in Aqueous Acid. To assess the stability of film responses in conditions 
similar to those used in practical applications poly(p-NH2)2dptaaH2, grown under the 
same conditions, was also analysed in aqueous acidic electrolyte. A film produced after 
fifteen scans in CH2C12 electrolyte was transferred to 0.5 M Na2S04 electrolyte made 
to a pH of 1 (H2S04). The response (AE = -0.6 - +0.9 V, v = 100 mV/S) after the first 
scan (Figure 6.42) shows a sharp non-reversible peak (Ep = +0.33 V) and a broad 
reversible process. After five scans (Figure 6.43) only the broad processes due to 
charging and discharging of the film remain (Ep = +0.88 V, Ep = -0.24 V) and give a 
stable response with little loss in activity for the next ten scans. As with other films the 
initial response may be due to oxidation of unreacted monomer, which disappears 
rapidly as the film settles. The stable response then produced indicates a good degree 
of electrochemical stability within the film under these conditions.
6.6.1 .4 Estimation of Maximum Surface Coverage for Poly(p-NH2)  2dptaaH2
The maximum surface coverage of films of poly(p-NH2)2dptaaH2 grown in CH2C12 
electrolyte was estimated based on a one electron process in the range +0.5 to +1.1 
volts. A film of poly(R-TNH2)2dptaaH2 was firstly grown at a freshly polished gold 
electrode using a single scan in the range -0.2 to +1.1 volts (v  = 200 mV/S). The 
electrode was removed and dried, the cell cleaned and filled with fresh electrolyte, the 
electrode replaced and the initial voltammogram of the film recorded under the same 
conditions. The electrode was again removed, polished using the same procedure as 
before and used to grow a thicker film produced after two cycles in the above range. 
The film was analysed as before and the whole procedure repeated using scan numbers
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up to and including thirteen. The response for each of the films in clean electrolyte was 
taken and the area under the anodic peak between +0.5 and +1.1 volts used to 
calculate the total charge (Q), which was used in Equation 6.8 to calculate the 
apparent surface coverage (rapp, Table 6.10).
Q
y — ------  6.8
app nFA
A plot of apparent surface coverage (rap) against scan number for the first thirteen 
scans (Figure 6.44) shows a linear growth of film on the electrode for the first nine 
scans. This is followed a gradual decrease in the rate of film formation until the 
maximum surface coverage (rmax ~ 6x1 O'8 mol/cm2) is approached at scan number 
thirteen.
The apparent surface coverage was used to estimate the apparent number of film 
‘layers’ based on molecular dimensions of dptaaH2 from crystal structure 
determination. The diphenyl-substituted TAA dptaaH2 crystallises from DMF in the 
monoclinic space group P2i/c (a = 11.402 A, c = 27.069 A, (3 = 90.24 °, Z = 4) which 
corresponds to an area per molecule in the largest plane of 77.16 A2. Thus a monolayer 
of material contains 2.15x1 O'10 mol/cm2, which is slightly smaller than the density for 
Nitaa (2.43xlO'10 mol/cm2) given in the literature.42 The apparent surface coverage (in 
mol/cm2) was then divided by this density (also in mol/cm2) to give an estimate of the 
number of layers of polymer at the surface of the electrode. From this data (Table 6.9) 
it can be seen that the maximum surface coverage (rmax) of ~ 6x10‘8 mol/cm2 
corresponds to ~ 281 ‘layers’.
6.6.1 .5 Spectroscopic Analysis of Poly(p-NH2) 2dptaaH2
To grow larger amounts of poly(p-NH2)2dptaaH2 suitable for spectroscopic analysis 
the small gold electrode used in all preparations so far was replaced with a platinum 
foil electrode of large surface area (~ 1 cm2). The sensitivity of the chart recorder was 
reduced and films again grown from CH2C12 electrolyte between -0.2 and +1.1 volts.
v = 200 mV/S y = 40 pA/cm
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Reference Electrode = Ag wire Working Electrode = Pt foil
The CV produced (Figure 6.45) is similar to that using the gold electrode although the 
anodic Lf/0 system only appears as a half-peak at the end of the potential range. Films 
were grown for half an hour before the electrode was removed from the cell, washed 
with clean CH2CI2 electrolyte and dried in an oven at 60 °C overnight. For analysis the 
dark black polymeric poly(p-NH2)2dptaaH2 could be scraped off the electrode or 
dissolved from it with a suitable solvent.
The IR spectrum of poly(p-NH2)2dptaaH2 was recorded as a KBr disc from a 
powdered sample of the polymer prepared as above. The spectrum is essentially very 
similar to that of the monomer and the same assignments have been made. The most 
noticeable difference is the change from three sharp N-H stretches in the monomer 
(3503, 3419 and 3343 cm'1) to a single broad N-H stretching band in the polymer.
IR (KBr disc), vmax/cm'1: 3420w (N-H stretch), 1632s (C=N stretch) 1588m (C=C 
stretch aromatic), 1548s (C=C, stretch macrocyclic), 1300s (C-N stretch).
This evidence suggests that not only does the macrocycle remain intact in the film but 
that reactions to form the polymer occur at the primary amine group. This 
substantiates the theory that the film is indeed poly(p-NH2)2dptaaH2 formed from 
aniline-like polymerisations of the monomer.
Additional evidence comes from UV analysis of poly(p-NH2)2dptaaH2 films. A film 
grown on a platinum foil electrode and dried as above was dissolved in DMF (20 cm3) 
and diluted to give a concentration suitable for UV analysis. Again this spectrum is 
very similar to that of the monomer with the most noticeable difference being a shift 
(7.8 nm) in the Soret band to lower wavelength.
UV (DMF), Amax/nm: 304.0, 407.2, -460.Osh.
The NMR spectrum of a solution of poly(/?-NH2)2dptaaH2 made by dissolving the 
polymer from the electrode into rf -^DMSO was unfortunately dominated by methyl and 
methylene absorptions from the butyl groups of the tetrabutylammonium
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hexafiuorophosphate electrolyte. This indicates that, as expected, electrolyte is 
incorporated into the film as it forms and is not removed on drying. The electrolyte is 
considerably more soluble than the polymer and for this reason an estimate of the ratio 
of polymer: electrolyte could not be made. Poly(p-NH2)2dptaaH2 gives a number of 
well defined absorptions which may be used to give an indication of polymer structure. 
The spectrum shows a triplet (14.15 ppm) due to the two macrocyclic NH protons, a 
doublet at (8.20 ppm) due to the methylene protons on the macrocyclic ring and two 
multiplets(7.47 and 7.00 ppm) from the protons on the 1,2-di-substituted aromatic 
rings. Similar absorptions, present in the spectrum of the monomer ligand, were given 
the same assignments although, on comparison, the spectrum of the polymer lacks a 
number of key features. There is no absorption due to protons of the primary amine (~
5.0 ppm) and also none from the 1,4-disubstituted aromatic rings (7.2 and 6.6 ppm).
NMR (rt6-DMSO), 8H/ppm: 14.15 (t,2H, NH), 8.20 (d, 2H, CH macrocyclic), 7.47 
and 7.00 (m, 8H, CH 1,2-di-substituted aromatic), 3.28 (t, CH?N+).1.56 (s, -CH?-). 
1.29 (q, CH2CH3), 0.93 (t, CH3).
This result suggests first that the macrocycle remains intact within the polymer film and 
that the macrocyclic cavity, shown by the macrocyclic NH protons, is available as a 
possible insertion site for metal ions into the polymer film. *H NMR observations 
substantiate evidence from IR spectroscopy suggesting polymerisation is at the free 
amine and also suggest these aniline-like polymerisations may occur at the 2 and 3 
position of the 4-substituted aniline. This would account for the absent NH2 and 
aromatic protons in the spectrum of the polymer and would be a logical mechanism of 
polymerisation if the 4 position of aniline is blocked. There is no indication of signals 
from -NH- or -NET- protons in the NMR spectrum of the polymer, although these may 
be broad, which may indicate the polymer forming in the 2A type.
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6.6.1.6 Techniques fo r  the Analysis o f Conducting Polymers
As well as those electrochemical and spectroscopic techniques for the analysis of 
conducting polymers listed above, there are a number of more specialised techniques 
often employed, many of which require specialised equipment.
For example, films can be grown on Sn02 electrodes which enable direct analysis, by 
IR or UV/visible spectroscopy. Using UV spectroscopy the thickness of a film 
containing a chromophore can be measured while a combination of potentiometric and 
spectroscopic measurements can be used to monitor the redox processes in the film at 
different electrode potentials. Scanning electron microscopy can provide information 
on surface morphology and is best used as a comparative technique whereas X-ray 
photoelectron spectroscopy gives information on the atoms present on the electrode 
surface. Thick films of conducting polymers have been isolated, microanalysed and the 
results used to calculate polymer:electrolyte ratios. Unfortunately insufficient poly(/z- 
NH2)2dptaaH2 was collected for a C, H and N determination.
6.6.1.7 Conclusion
In concluding the electrochemistry of (/?-NH2)2dptaaH2, it is appropriate to compare 
the results for the single sweep voltammogram and formation of poly(/?-NH2)2dptaaH2 
with those of aniline, polyaniline, other aniline-based polymers and other TAAs. The 
potential of the first oxidation step of (/?-NH2)2dptaaH2 in CH2C12 (L+/0, Ep = +0.58 V) 
is lower than that of other TAAs such as dptaaH2 (L+/0, Ep = +1,36 V) where 
oxidation is that of the tetraaza[14]annulene ring. This is expected as substitution with 
an electron donating amine group reduces the potential of the ligand-centred oxidation. 
The oxidation is also at a lower potential than that of the unsubstituted aniline 
monomer when recorded in the same solvent (Ep = +1.25 V) indicating oxidation was 
not just of the aniline substituent. The oxidation potential is similar to that of (p- 
NH2)4tppH2 in CH2C12 (Ep = +0.62 V vs Ag/AgCl) which was from concurrent 
oxidation of the aminophenyl substituent and the macrocyclic ring. Clearly, single 
oxidation of the aniline substituent must occur within the polymerisation range (AE = - 
0.2 - +1.1 V) for the polymer to form. The process that occurs above the maximum
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potential for polymerisation (+1.1 V) was thought to be due to farther oxidation or a 
shift in the oxidation centre.
The CV from the formation of poly(/?-NH2)2dptaaH2 reported here is similar to that 
produced on the formation of poly(p-NH2)4tppH2, (AE = 0 - 1.1 V vs Ag/AgCl). In 
both, the first oxidation peak is unique and is not repeated by subsequent scans. With 
both polymers, after several scans, the growth of a current envelope appears for a new 
couple in the electroactive film. The maximum surface coverage recorded for poly(/> 
NH2)2dptaaH2 (6xI0"8 mol/cm2) is higher than that recorded for poly(p-NH2)4tppH2 
(2x1 O'8 mol/cm2) which may help to improve the activity of films prepared from the 
new polymer.
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Figure 6.37 Analysis of poly(/7- 
NH2)2dptaaH2 in CH2CI2 
electrolyte (AE -0.2 - +1.1 V)
I
-0.4 -0.2 0 0 2 0.4 0 6 0.8 1 1 2 1.4 1.6
E / V
Figure 6.38 Analysis of 
poly(p-NH2)2dptaaH2 in 
CH2C12 electrolyte (AE -0.2 - 
+1.6 V)
-0.4 -0.2 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
E / V
Chapter 6 Electrochemistry 211
E / V
Figure 6.39 Sweep rale 
analysis of poiy(/;- 
NH2)2dptaaH2
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Figure 6.40 Plot of sweep rate against current for poly(p-NH2)2dptaaH2
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Figure 6.41 Plot of sweep ratel/2 against current for poly(/?-NH2)2dptaaH2
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Figure 6.42 Analysis of poly(p- 
NH2)2dptaaH2 in 0.5 M Na2S04 
(pH = 1) electrolyte
E/V
Figure 6.45 Formation of polyfy- 
NH2)2dptaaH2 at a platinum foil 
electrode
E/V
Figure 6.43 Analysis of poly(p- 
NH2)2dptaaH2 in 0.5 M Na2S04 
(pH = 1) electrolyte
E/V
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Table 6.10 Data Used to Calculate Apparent Surface Coverage (r app) for Films of 
Poly(£>-NH2)2dptaaH2 Grown in CH2C12 Electrolyte
Scan
number
Mass of 
peak/g
Area of 
peak/cm3
10'5 Q/ 
Coulombs
io _8r/
mol/cm2
Number of 
‘monolayers’
1 0.0331 1.066 2.132 0.7128 33
2 0.0387 1.768 3.536 1.182 55
3 0.0464 2.734 5.468 1.828 85
4 0.0546 3.762 7.524 2.516 117
5 0.0613 4.602 9.205 3.078 143
6 0.0697 5.656 11.312 3.782 176
7 0.0749 6.308 12.616 4.218 196
8 0.0810 7.073 14.146 4.730 220
9 0.0882 7.976 15.952 5.334 248
10 0.0918 8.427 16.855 5.635 262
11 0.0948 8.804 17.607 5.887 274
12 0.0955 8.891 17,783 5.946 276
13 0,0967 9.042 18.084 6.046 281
Scan number
Figure 6.44 Plot of apparent surface coverage (rapp) against scan number for 
films of poly(p-NH2)2dptaaH2 grown in CH2C12 electrolyte
Chapter 6 Electrochemistry 214
6.6.2 Ni(p-NH2)2dptaa and Co(p-NH2)2dptaa
6.6.2.1 Single Sweep Cyclic Voltammetry of Ni(p-NH2) 2dptaa and Co(p-NH2) 2dptaa
As with other metal complexes of the TAA ligands, Ni(p-NH2)2dptaa and Co(p- 
NH2)2dptaa are less soluble in the organic solvents tried compared to the metal-free 
ligand. Attempts at recording single sweep cyclic voltammograms of the metal 
complexes in CH2C12 and CH3CN electrolyte failed, and well defined traces were only 
produced from saturated solutions in DMF electrolyte after treatment in the ultrasound 
bath.
The nickel(II) complex, Ni(p-NH2)2dptaa, dissolves in DMF electrolyte to give a brick 
red solution, the cyclic voltammogram of which shows a reversible oxidation, a non- 
reversible oxidation and a single reversible reduction (Figure 6.46, Table 6.11 ).
v = 100 mV/S y = 10 p.A/cm
Reference Electrode = Ag wire Working Electrode = Au
Table 6.11 Redox Potentials (V) and Assignments for Ni(/?-NH2)2dptaa
Electrolyte AE/V Metal Centred Ligand Centred
Ni(I)/(II)* L+/0* L2+/+t
DMF -2.0-+1.5 -1.44 (80) +0.66 (70) +1.29
Ef values with peak separation (raV) in parentheses, * Ep values only.
The voltammogram may be conveniently compared with that of the parent ligand, (p- 
NH2)2dptaaH2, and both of these compared with those of taaH2 and Nitaa. The first 
noticeable feature is that after insertion of the nickel(II) into the macrocycle the 
response, which is somewhat ill-defined for the metal-free ligand, shows well resolved 
redox processes. This is typical in metal complexes where the presence of a metal 
centre stabilises products of oxidation or reduction. The two oxidations (+0.66, +1.29 
V) are ligand based and assigned to L+/0 and L2+/l systems respectively. Potential values 
are similar to those recorded for the same processes in the metal-free ligand (+0.70, 
+1.25 V) although it is interesting to note that the L+/0 system, which shows no sign of 
reversibility in the metal-free ligand, now has a considerable reverse component. The 
reason for this is unknown, although the metal complex does not polymerise as readily
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as the metal-free ligand. The reduction appears at a more positive potential (-1.44 V) 
than the L0/" system of (//-NH2)2dptaaH2 (-1.66 V) and as with a similar couple in 
Nitaa (-1.58 V) is more readily assigned to a Ni(I)/(II) reversible system. There is no 
evidence of the L0/' system before the solvent limit is reached and an ESR measurement 
would be required verify the nature of this system.
The cobalt(II) complex, Co(p-NH2)2dptaa, again dissolves in DMF to give a red 
solution, and the cyclic voltammogram of the solution shows at least three oxidations 
and two reductions (Figure 6.49, Table 6.12).
v = 100 mV/S y = 10 jiA/cm
Reference Electrode = Ag wire Working Electrode = Au
Table 6.12 Redox Potentials (V) and Assignments for Cotaa
Electrolyte AE/V Metal Centred Ligand Centred
Co(I)/(II)* Co(II)/(III) * L+/0*
DMF -1.9-+1.4 -1.14(80) +0.10(100) +0.54 (80)
Ef values with peak separation (mV) in parentheses
The first oxidation is believed to be the reversible metal-centred Co(II)/(III) couple, 
the system that controls much of the catalytic activity of the complex. The value of the 
couple (+0.10 V) is similar to that for the same couple in Cotaa (+0-.12 V) and is in the 
region that may aid oxygen reduction. The second oxidation appears very similar to the 
first oxidation of Ni(/?-NH2)2dptaa. It is assigned to the L+/0 couple and is again seen 
with a reversible component. Unlike in Ni(/?-NH2)2dptaa, assignment for the L2+~ 
system in Co(p-NH2)2dptaa is not straightforward. There are two irreversible 
oxidations above +0.7 volts (Ep = +0.83, +1.13 V) and, based on assignments for (p- 
NH2)2dptaaH2 and Ni(/?-NH2)2dptaa, the larger is expected to be the L2+/+ system and 
leaves the smaller unaccounted for. The first reduction is believed to be the reversible 
metal centred Co(I)/(II) couple (-1.14 V), which is also at a similar potential to a 
couple given the same assignment in Cotaa (-1.25 V). Although the response is weak, 
there is evidence of an additional system (Ep ~ -1.64 V) which is reasonably attributed 
to a ligand reduction (L0/') system. This is similar to a couple with the same assignment
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in the metal-free ligand (-1.66 V) although the same system in the nickel(II) complex 
may well overlap with the Ni(I)/(II) couple.
6.6.2.2 Preparation of PolyNi(p-NH2) 2dptaa and PolyCo(p-NH2) 2dptaa
The solution of Ni(/?-NH2)2dptaa in DMF electrolyte was found to electropolymerise 
under the same conditions as for the metal-free ligand in CH2C12 electrolyte. The first 
sweep of the solution (AE = -0.2 and +1.1 V, v = 200 mV/S) shows the reversible L~0 
system (Figure 6.47) and additional sweeps show a build-up in this response (Figure 
6,48). The anodic current builds linearly on the first sweep (Ep = +1.1 V) whereas the 
cathodic current builds to give a new peak (Ep = +0.85 V). The rate of polymerisation 
(as determined by the separation of consecutive responses) is not as high as with 
polymerisation of (/?-NFt2)2dptaaI42 and after 15 scans the electrode was only covered 
in a thin film of red-brown polymer. This decrease in polymerisation rate is probably 
due to the decrease in solubility of the metal complex, even in DMF, or the effect of 
changing solvent. A clean electrode underwent linear film growth for the first ten 
minutes, after which time it was covered in a thicker polymer coating. Due to time 
restrictions no attempts at analysing these coatings either electrochemically or 
spectroscopically were made.
Two different conditions were used to form polyCo(p-NH2)2dptaa from a solution of 
the metal complex in DMF electrolyte. First, using the voltage range successful for 
polymerising the ligand and the nickel(II) complex (AE = -0.2 - +1.1 V), thin films of a 
dark red polymer were formed. The first sweep in this range (Figure 6.50A) shows the 
Co(II)/(III) and L+/0 systems each with reverse components and the additional process 
at Ep = +0.83 volts. Continued sweeping after the first scan (Figure 6.50B) shows an 
increase in current of the forward and reverse components of the L+/0 system and 
similar increase in current at +0.83 and 1.1 volts. There is, however, a decrease in 
intensity of the Co(II)/(III) system as the film forms. An attempt to grow films 
scanning only as far as the L+/0 system (AE = -0.2 - +0.8 V) resulted in what is 
essentially a similar CV, with similar rate of polymerisation, which indicates the 
additional process (Ep = +0.83 V) has no affect on the mechanism of polymerisation.
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The rate of current increase at Ep = +0.58 and +0,85 volts was found to increase 
considerably if the negative potential limit was increased to include the Co(I)/(II) 
system (Figure 6.51). Thus, scanning from -1.4 to +1.1 volts results in an increase in 
the current response of these two systems and an increase in the current at the 
reversible Co(I)/(II) system. A prepeak (Ep = -1.08 V) to the cathodic component 
increases at a faster rate than the main peak and the current of the Co(II)/(III) couple 
remains roughly constant as the film builds. The electrode was removed after ten 
minutes and was seen to be covered in a dark red film. Neither this film nor polyCo(p- 
NH2)2dptaa formed under the other conditions mentioned above was analysed further.
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Figure 6.46 Single sweep cyclic 
voltammogram of Ni(/?- l
NH2)2dplaa in DMF electrolyte 
(AE = -2 - +1.5 V)
-2 2 -2 -1.8 -16-14-1 2 -1 -08 -06-04 -02 0 02 04 06 08 1 12 14 16
E / V
Figure 6.47 Single sweep cyclic 
voltammogram of Ni(/?- 
NH2)2dptaa in DMF electrolyte 
(AE = -0.2 - +1.1 Vj
Figure 6.48 Formation of poly 
Ni(p-NH2)2dptaa in DMF 
electrolyte
-0.6 -0 4 -0.2 0 0 2 0.4 06 0 8 1 1.2 1 4
E / V
E / V
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Figure 6.49 Single sweep cyclic 
voltammogram of Co ip- I
NFbEdptaa in DMF electrolyte
-2 2 -2 -1 8 -1 6 -1 4 -1 2 -1 -08 -06 -04 -02 0 0 2 04 06 06 1 1.2 1.4 1 6
E / V
Figure 6.50 Co(/?-NH2)2dptaa and 
formation of poly Co(p-NH2)2dptaa 
in DMF electrolyte 
(AE = -0.2 - +1.1 V)
-04 -02 0 02 04 0.6 0 8 1 12 14 16
E / V
Figure 6.51 formation of poly
Co(/7-NH2)2dptaa in DMF
electrolyte (AE = -1.4 - +1.1 V)
-1 8 -1 6 -1.4 -1.2 -1 -0.8 -0 6 -0.4 -0 2 0 0 2 0.4 0 6 0.8 1 1 2
E / V
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7.1 Conclusions
7.1.1 Synthesis
The synthetic aims of the project have been achieved, in that TAA compounds 
containing pendant aniline and pyrrole groups have been prepared, as have some of 
their transition metal complexes.
In general, the cyclic nature of this set of compounds causes low solubility in most 
organic solvents. This hampers many usual organic transformations and makes 
separation and analysis of reaction products difficult. These problems are only 
exacerbated by the introduction of metal ions into the system.
The nitro-substituted TAA, (p-N02)2dptaaH2, was successfully prepared using a 
literature method and was reduced to the new ligand, (p-NH2)2dptaaH2, by catalytic 
hydrogenation at atmospheric pressure in DMF. The nitro ligand could not be reduced 
to the amine using a variety of other reduction conditions, many of which were 
successful in the reduction of similar systems. Metal complexes of (p-N02)2dptaaFl2 
were prepared which, due to low solubility, could not be purified or reduced using the 
same method as for the metal-free ligand. The new ligand, (p-NH2)2dptaaH2, proved a 
particularly useful TAA, due to the increase in solubility seen with the introduction of 
the primary amine groups. Although it may be possible to improve the details of the 
synthesis of (p-NH2)2dptaaH2 (Section 7.3.1), the preferred synthetic route has been 
established which may be useful for the reduction of similar nitro-substituted 
macrocyclic systems.
A general method for the synthesis of M(p-NH2)2dptaa-type complexes was 
established using insertion reactions followed by UV spectroscopy. The method was 
used successfully to prepare Ni(p-NH2)2dptaa and Co(p-NH2)2dptaa which showed a 
slight decrease in solubility compared to the ligand. Along with its nickel(II) and 
cobalt(II) complexes the voltammetric analysis of (p-NH2)2dptaaH2 formed the basis of 
the electrochemistry presented here.
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A number of derivatives of the (/?-NH2)2dptaaH2 compound were prepared. Conversion 
of the amine groups into pyrrole substituents gave (p-pyr)2dptaaH2 which has such low 
solubility that it could not be electrochemically investigated or used to prepare metal 
complexes. The preparation of the hydrochloride salt of the amine was successful but 
did not improve solubility in non-polar solvents or give crystals suitable for X-ray 
crystallography.
The reduction of the nitro-substituted ligand, 7,16-(N02)taaH2, using conditions that 
were successful for the reduction of the nitrophenyl-substituted (/z-N02)2dptaaH2 
resulted in a mixture of reaction products that was attributed to a break-up of the 
macrocyclic ring.
7.1.2 Electrochemistry
The aims of the electrochemical work have been achieved, with conducting films 
prepared that contain the TAA compounds and transition metal units, including a 
cobalt(II) complex which may show catalytic activity to oxygen reduction.
Single sweep cyclic voltammetry of (//-NH2)2dptaaH2 shows ligand-centred redox 
processes (L+/0, L2+/+ and L0/") similar to other TAA compounds. The processes, which 
appear irreversible in CH3CN and DMF, show reversible components in CIT2C12. The 
ligand can be electropolymerised from solutions in CH3CN although thicker, well 
adhering films of poly(p-NH2)2dptaaH2 are best formed from solutions in CH2C12 (AE 
=-0.2 - +1.1 V). The electropolymerisation lent itself well to further study and films 
were studied electrochemically in different solvents, Analysis of the films using a 
variety of spectroscopic techniques including lU NMR spectroscopy enabled 
conclusions to be made about the structure of the conducting polymer.
Single sweep cyclic voltammetry of Ni(//~NH2)2dptaa and Co(p-NH2)2dptaa gives 
values for metal-centred redox processes as well as for ligand-centred processes. 
Values for certain metal-centred processes give a good indication of the catalytic 
activity of the complexes. Films of polyNi(/?-NH2)2dptaa and polyCo(/?-NH2)2dptaa can 
be prepared from solutions of the metal complexes in DMF using the same 
polymerisation conditions as for the ligand. Although the films grow at a slower rate
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than those of the metal-free ligand they adhere well to the electrode surface.
The potential of the Co(II)/(III) couple of a solution of Co(p-NH2)2dptaa in DMF 
(+0.10 V) is slightly lower than the potential of the same couple for the unsubstituted 
cobalt complex Cotaa (+0.12V). The values of the Ni(I)/(II) and Co(I)/(II) couples for 
solutions of Ni(/?-NH2)2dptaa and Co(p-NH2)2dptaa in DMF (-1.44 and -1.14 V 
respectively) are higher than the corresponding couples for Nitaa and Cotaa (-1.58 and 
-1.25 V respectively). In general, the similarity of results suggests that structure of the 
ligand, which has been seen to dramatically affect ligand-centred redox processes, does 
not affect metal-centred redox processes to such an extent. The stability in the value of 
the Co(II)/(III) couple suggests that films of polyCo(/?-NH2)2dptaa would be expected 
to show similar catalytic activities to those of polyCotaa.
7.2 Further Work
7.3.1 Further Synthetic Work
A number of areas of future work have emerged. First, it may be possible to optimise 
the syntheses of (p-NH2)2dptaaH2, Ni(p-NH2)2dptaa and Co(p-NH2)2dptaa by finding 
solvents for recrystallisation or for insertion reactions that give crystalline products 
suitable for X-ray structural analysis. Any additional information on monomer 
structure would be useful in determining the nature of the polymeric form of the ligand 
and its complexes. There is interest in preparing complexes of other transition metals 
with the new ligand.
Reduction of nitrophenyl-substituted macrocycles appears to be the most practical way 
of introducing electropolymerisable groups onto macrocycles and could be applied to 
other macrocyclic systems. Small changes in macrocyclic structure may have large 
effects on the positions of ligand- and metal-centred redox processes.
In general, it would be advantageous to improve the solubility of the TAA 
compounds.. Improved solubility in non-polar solvents may be achieved by the
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introduction of alkyl chains onto the macrocycle, and aqueous solubility is envisaged 
by forming, for example, quaternary ammonium salts of pyridine rings.
7.2.2 Further Electrochemistry and Conducting Polymer Characterisation
Further work could be done on the electrochemistry of Ni(£>-NH2)2dptaa and Co(p- 
NH2)2dptaa which were not prepared until late in the project.
Films of both complexes should be grown and electrochemically analysed using sweep 
rate analysis and surface coverage experiments. Rates of polymerisation and maximum 
surface coverages of films could be compared with those of the metal-ffee ligand. The 
redox processes of the polyNi(p-NH2)2dptaa and polyCo(p-NH2)2dptaa films also need 
to be analysed in clean solvent from which they have been grown (DMF) and the 
stability and pH dependence of these responses could be determined in aqueous 
solvents. It should also be possible to compare physical characteristics of films of the 
metal complexes with those of the metal-free ligand. With repeated experiments it may 
be possible to obtain enough of the three conducting polymers for microanalytical 
determination and their UV and IR characteristics could be compared. It should be 
possible to record an NMR spectrum of polyNi(/?-NH2)2dptaa in the same way as for 
poly(p-NH2)2dptaaH2.
Films of polyNi(R-NH2)2dptaa could be assessed for activity to the reduction of carbon 
dioxide and a full investigation into the activity of polyCo(p-NH2)2dptaa to oxygen 
reduction is lequired. Co-polymerisation of the ligand and its metal complexes with 
other monomers such as aniline may enable control of the spacing between catalytic 
centres.
7.2.3 Further Electrode Modifications
Introduction of aniline groups onto the macrocycle may enable the ligand and metal 
complexes to be immobilised onto electrodes by adsorption or, more interestingly, by 
covalent bonding to metal or to carbon electrodes.
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